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ABSTRACT 
A primary goal of marine ecology is to understand the physical and biological mechanisms 
that drive patterns of larval dispersal and population connectivity. The larvae of many 
marine organisms develop in the pelagic environment before settling on benthic habitat. 
Early efforts to predict dispersal patterns assumed that larvae are passive particles 
dispersed by currents for 10s to 100s of kilometers (km). However, recent studies using 
parentage analyses to observe dispersal patterns reveal that peak dispersal occurs within 1 
– 2 km, and declines exponentially with increasing distance from the natal reef. This gap 
between predicted and observed dispersal patterns suggests that other factors, such as larval 
behavior, may play an important role in shaping patterns of dispersal. However, due to 
challenges associated with obtaining larvae early in development, there is little information 
on the ontogeny of behavior from hatching through settlement.  
In this dissertation, I begin to address these challenges by developing a protocol for 
rearing the larvae of two species of sponge-dwelling neon gobies, Elacatinus lori and E. 
colini. Using lab-reared specimens, I provide the first description of larval development for 
  viii 
both species. Then, I investigate the ontogeny of swimming ability in larvae of E. lori, E. 
colini and the model species Amphiprion percula. Remarkably, A. percula were capable of 
swimming twice as fast and three orders of magnitude longer than E. lori near settlement. 
Relating swimming speed to published dispersal patterns for E. lori, A. percula and another 
species Plectropomus leopardus, I show there is a positive association between swimming 
speed and the median and maximum dispersal distance. This finding suggests that 
swimming abilities may influence the extent of long distance dispersal. Finally, I 
investigate the role of habitat preferences and post-settlement persistence in establishing 
the distribution of E. lori settlers on sponge habitat. I demonstrate that E. lori settlers are 
more abundant, persist longer, and prefer to settle on large Aplysina fistularis, suggesting 
that settling E. lori choose sponge habitats that confer the highest relative fitness. This 
dissertation indicates the importance of larval and settler behaviors in determining the 
dispersal patterns and distribution of fishes on coral reefs. 
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CHAPTER 1 
Introduction 
The dispersal of individuals away from their natal habitat is a widespread phenomenon that 
occurs during the life history of almost all organisms (Nathan 2006). For demersal 
spawning coral reef fishes, dispersal occurs early in development, when recently hatched 
larvae leave the reef to develop in the pelagic environment (Leis 2006, 2010). This pelagic 
larval phase varies in duration from days to months, depending on the species (Thresher, 
Colin & Bell 1989; Shanks 2009). During this time, larvae increase in size and 
morphological complexity before ultimately locating and settling on suitable reef habitat. 
The distance that larvae disperse between hatching and settlement determines the spatial 
scale of connectivity, and ultimately rates of persistence and divergence, among reef fish 
populations (Cowen et al. 2000; Mora & Sale 2002). Given this, a primary goal of marine 
ecologists is to understand the physical and biological mechanisms that drive patterns of 
larval dispersal and population connectivity. 
Efforts to describe patterns of connectivity in marine ecosystems have typically 
adopted two approaches: biophysical models that predict patterns of dispersal by making 
assumptions about water flow and larval behavior (Cowen et al. 2000, Siegel et al. 2003, 
Paris et al. 2005), and direct genetic techniques that use parentage analyses to empirically 
observe patterns of dispersal (Buston et al. 2012, Almany et al. 2013). Despite 
improvements, these methods yield vastly different results. Biophysical models often 
predict peak dispersal distances of 10s to 100s of kilometers (Cowen et al. 2000, 2006), 
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while empirical observations reveal that reef fish larvae rarely disperse farther than 10 
kilometers (Buston et al. 2012, D’Aloia et al 2013). This gap between predicted and 
observed dispersal patterns suggests that other factors, such as larval behavior, may play 
an important role in shaping patterns of dispersal. However, we know relatively little about 
the ontogeny of dispersal behaviors in reef fish larvae or their effect on patterns of 
dispersal.  
For larvae to actively influence patterns of dispersal, they must be able to sense, 
swim and orient with respect to cues from their environment. Upon hatching, many reef 
fish larvae possess a full, though rudimentary, suite of sensory systems (Atema, Gerlach & 
Paris 2015) and are capable of swimming at low speeds for relatively limited durations 
(Fisher, Bellwood & Job 2000; Fisher 2005). As larvae age, their sensory systems develop 
rapidly and swimming abilities improve. Many late-stage larvae possess strong swimming 
abilities that allow them to swim faster than the mean current speeds recorded around reefs 
(Fisher 2005). Remarkably, some larvae can also swim continuously at moderate speeds 
for >24 hours without feeding (Stobutzki & Bellwood 1994, 1997, Stobutzki 1997, 1998, 
Fisher & Bellwood 2001, 2002; Fisher & Wilson 2004). Studies of in situ behavior have 
found that most late-stage larvae swim directionally and chose specific depth strata (Leis, 
Sweatman & Reader 1996; Leis & Carson-Ewart 1999; Leis 2006; Gerlach et al. 2007; 
Irisson et al. 2010; Berenshtein et al. 2014). At settlement, larvae have been found to use 
auditory, visual, and olfactory cues to locate their preferred settlement habitats (Elliott, 
Elliott & Mariscal 1995; Öhman et al. 1998; Simpson et al. 2004; Dixson et al. 2008, 2011; 
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Igulu et al. 2013). Together, these swimming and sensory behaviors may allow larvae to 
influence both the pattern of dispersal and their distribution across settlement habitat.  
Efforts to relate larval behaviors with the dispersal potential of larvae in situ have 
primarily focused on a larva’s ability to influence horizontal displacement by currents 
(Stobutzki & Bellwood 1997; Fisher 2005). However, larvae may use their swimming and 
orientation abilities in a variety of ways that may either enhance retention near their natal 
reef, or facilitate their dispersal over long distances. Given the challenges associated with 
observing larval behavior in situ, it remains unclear how the swimming and orientation 
behaviors of larvae relate to realized patterns of dispersal (Leis 2006, Leis and Carson-
Ewart 1999, Leis and Fisher 2006). Insights may be gained by investigating the ontogeny 
of behavior in species for which the pattern of dispersal has been described using genetic 
parentage analyses. 
In this dissertation, I begin to address the role of larval behavior in determining the 
dispersal patterns and distribution of fishes on coral reefs using the neon goby Elacatinus 
lori as a study species. E. lori is an obligate sponge-dwelling goby that is endemic to the 
Mesoamerican Barrier Reef (Colin 2002). Like most coral reef fishes, E. lori has a bipartite 
life cycle composed of a pelagic larval phase and a relatively sedentary reef resident phase. 
After hatching, E. lori larvae develop in the water column for 15 – 42 days (mean ± SD, 
26 ± 3.6 days) before metamorphosing and settling onto sponge habitat (D’Aloia et al. 
2015). On the reef, two classes of individuals, ‘settlers’ and ‘residents’, can be readily 
identified: settlers are defined as individuals <18 mm standard length (SL) that have 
recently settled to the outer sponge wall; while residents are individuals, typically ≥18 mm 
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SL, that have moved from the outer sponge wall to live and ultimately breed within the 
sponge tube (Buston 2003a; D’Aloia, Majoris & Buston 2011). 
At the start of my graduate studies, I collaborated on research to advance our 
understanding of the population ecology of E. lori. We began by collecting survey data to 
describe the distribution and abundance of E. lori on its host sponge, Aplysina fistularis. 
We found that E. lori residents and settlers are more likely to occur on large, multi-tube A. 
fistularis rather than on sponges with other morphologies (D’Aloia et al. 2011). We then 
quantified rates of self-recruitment to a 125 m wide by 500 m long transect on the outer 
fore reef off Curlew Caye, and found that 4.6% of larvae recruited back to their natal reef 
(D’Aloia et al. 2013). Finally, we sampled settlers along 40 km of the Belizean Barrier 
Reef, and parents from 3 focal populations to describe the complete dispersal kernel for the 
species. We found that modal dispersal occurred within the first 0 – 1 km, and declined 
exponential with increasing distance from the source (D’Aloia et al. 2015). These studies 
established a solid foundation on which to build my own dissertation research investigating 
the role of larval behavior in determining the dispersal patterns and distribution of fishes 
on coral reefs. 
To investigate the ontogeny of larval behavior, one must first establish a consistent 
supply of larvae of all ages. Therefore, in Chapter 2 I begin by developing rearing 
techniques for two species of sponge dwelling gobies, E. lori and Elacatinus colini 
(Randall & Lobel 2009). Specifically, I describe the reproductive behavior and larval 
development for both species and evaluate the suitability of rotifers, Artemia and wild-
caught plankton as prey for culturing E. lori and E. colini larvae. Finally, using lab-reared 
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specimens, I provide the first description of larval development for both species. This 
chapter establishes methods that provide a consistent supply of larvae for studying the 
ontogeny of larval behavior in E. lori larvae from hatching through settlement.  
Using the rearing techniques developed in Chapter 2, I investigate the ontogeny of 
swimming abilities of lab-reared Amphiprion percula, E. lori and E. colini larvae in 
Chapter 3. In a swimming flume, I test the critical swimming speed and sustained 
swimming duration of larvae at multiple ages from hatching through settlement. Though 
previous studies have investigated the swimming abilities of Amphiprion species (Fisher 
et al. 2000, 2005, Fisher & Bellwood 2001, 2002), this is the first study to measure the 
larval swimming abilities of any member of the family Gobiidae, the largest family of coral 
reef fishes. I then relate the critical swimming speed of their late-stage larvae to the 
published dispersal patterns for E. lori, A. percula and another species Plectropomus 
leopardus. Finally, I use the hypothesized relationship between swimming speed and 
dispersal distance to make predictions regarding the dispersal distances of other reef fish 
families. 
Turning to consider settlement behavior, in Chapter 4 I investigate the role of 
habitat preferences and post-settlement persistence in establishing the distribution of E. 
lori settlers on sponge habitat. I use survey data collected along an underwater transect of 
120 tagged sponges and multivariate regression analyses to investigate the influence of 
habitat and social variables on the distribution of E. lori settlers on multiple sponge species, 
the persistence of settlers inhabiting different sponge types, and the habitat preferences of 
new settlers as they arrive on sponge habitat. I then use a behavioral arena to determine the 
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preference behaviors and sensory modalities that E. lori settlers use to discriminate 
between habitat types. 
Taken together, this dissertation generates a hypothesis for how larval swimming 
abilities may influence dispersal patterns, and demonstrates that individual larval behaviors 
can influence population level patterns of distribution on coral reefs.
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CHAPTER 2 
Reproduction, early development, and larval rearing strategies for two 
sponge-dwelling neon gobies, Elacatinus lori and E. colini 
2.1   Abstract 
A major goal of the aquaculture industry is to reduce collection pressure on wild 
populations by developing captive breeding techniques for marine ornamental species, 
particularly coral reef fishes for which there is especially high demand. The objective of 
this study was to develop a rearing protocol for two species of neon gobies endemic to the 
Mesoamerican Barrier Reef: Elacatinus lori and Elacatinus colini. First, the current study 
describes the reproductive behavior and larval development of both species. Second, it 
evaluates the effects of different food (rotifer and Artemia) densities on the survival and 
growth of larvae. Third, it compares the survival and growth of E. colini larvae fed wild 
plankton to those fed a combination of rotifers and Artemia. Results showed that once 
acclimated, pairs of E. lori began spawning in 53.2 ± 12.4 d (mean ± SD), while pairs of 
E. colini took only 12.2 ± 10.3 days to start spawning. E. lori produced more embryos per 
clutch (1009 ± 477) than E. colini (168 ± 83). E. lori larvae hatched 8.18 ± 0.4 days after 
initial observation with a notochord length of 3.67 ± 0.2 mm. In comparison, E. colini 
larvae hatched 6.8 ± 0.4 days after initial observation with a notochord length of 3.51 ± 2.3 
mm. Both species settled as early as 28 days post hatch at 9 – 9.5 mm SL (standard length), 
following the fusion of the pelvic fins to form the pelvic disc. During rotifer density trials, 
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there was no significant difference in standard length or body depth between treatments 
fed 10, 15 or 20 rotifers ml-1 for either species from 0 to 6 days post hatch. During Artemia 
density trials, larvae in control treatments fed solely 15 rotifers ml-1 had significantly higher 
survival than those in treatments that were fed rotifers in combination with 3, 6 or 9 Artemia 
ml-1 from 6 to 14 days post hatch. Finally, E. colini larvae fed wild plankton had 
significantly higher survival and larger SL than those fed with a combination of 15 rotifers 
ml-1 and 3 Artemia ml-1. The results of this study suggest that Artemia nauplii are not an 
optimal prey for E. lori or E. colini larvae. Our results demonstrate the feasibility of rearing 
E. lori and E. colini to settlement, and suggest that 10 – 20 rotifers ml-1 and wild plankton 
provide a viable starting point for optimizing the survival and growth of Elacatinus spp. 
larvae. 
2.2   Introduction 
Coral reef ecosystems are declining rapidly in response to global climate change and 
anthropogenic activities that threaten reef resilience (Bruno & Valdivia 2016). Among 
these activities, the marine aquarium trade has been cited as a potential threat to the 
biodiversity of coral reefs (Moorhead & Zeng 2010; Rhyne, Tlusty & Kaufman 2014; Dee, 
Horii & Thornhill 2014; Domínguez & Botella 2014). Indeed, recent estimates suggest that 
more than 11 million marine ornamental fishes, representing 1,802 species, are imported 
into the U.S. annually for distribution in the marine aquarium trade (Green 2003; Wabnitz 
2003; Rhyne et al. 2012). Of these, less than 1% of specimens are cultured in captivity, 
while the vast majority are wild caught from reefs in South-East Asia and the Caribbean 
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(Rhyne et al. 2012; Domínguez & Botella 2014). In some areas, overexploitation and 
destructive fishing practices have led to the localized decline of reef fish populations and 
have compromised the ability of reef ecosystems to recover (Domínguez & Botella 2014). 
Despite these issues, the demand for marine ornamentals is expected to expand as new 
technologies simplify the care and maintenance of home aquaria (Moorhead & Zeng 2010). 
Therefore, a major goal of the aquaculture industry is to reduce collection pressure on wild 
populations by developing captive culture techniques for marine ornamental species, 
particularly coral reef fishes, which represent a major component of the aquarium trade. 
Neon gobies of the genus Elacatinus were among the first reef fishes to be cultured 
for distribution in the aquarium trade (Feddern 1967; Valenti 1972; Moe 1975). The genus 
is comprised of 26 species that are primarily found on coral reefs throughout the Western 
Atlantic (Colin 1975; Froese & Pauly 2016). Their vibrant coloration and peaceful 
disposition have made them a favorite group among saltwater aquarium hobbyists. Within 
the genus, many Elacatinus spp. remove parasites from other reef fishes3. This unique 
behavior makes them an important member of coral reef communities, and they are highly 
valued in the aquarium trade. However, their propensity for cryptic speciation and the 
relatively limited geographic distributions of Elacatinus spp. make them potentially 
vulnerable to exploitation through wild collection (Colin 1975; Taylor & Hellberg 2005; 
Meirelles et al. 2009; Colin 2010; D’Aloia et al. 2017). The aquaculture industry has the 
potential to reduce collection pressure on Elacatinus spp. by providing a source of cultured 
livestock for the aquarium trade. 
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Captive spawning and successful rearing has been reported for 12 species of 
Elacatinus, many of which are commercially available in the aquarium trade (Sweet 2016). 
In captivity, breeding pairs typically lay clutches of several hundred to a thousand demersal 
eggs on the inner surface of PVC tubes (Table 2.1). The male cares for the eggs until 
hatching occurs 5 – 10 days post fertilization (Table 2.1). Elacatinus larvae are often 
cultured using green water technique and a standard diet of 10 – 20 rotifers ml-1 
(Brachionus sp.), transitioning to 0.5 – 9 Artemia ml-1 at 15 – 18 days post hatch (dph) 
(Table 2.2). However, recent studies have demonstrated that the culture of reef fish larvae 
is dramatically influenced by the density and types of live prey provided, especially early 
in development (Olivotto et al. 2005; Anto, Majoris & Turingan 2009; Moorhead & Zeng 
2011; Côrtes & Tsuzuki 2012; Pedrazzani et al. 2014; da Silva-Souza, Sugai & Tsuzuki 
2015; Leu, Sune & Meng 2015). As a result, larval nutrition has been a primary focus of 
efforts to improve aquaculture protocols (For review see: Holt 2003; Moorhead & Zeng 
2010; Olivotto et al. 2011, 2017).  
To understand the effect of nutrition on larval development, a detailed description 
of measurable morphological and behavioral traits is necessary as a benchmark for 
evaluating rearing protocols (Table 2.3). Elacatinus larvae hatch with a limited yolk 
reserve and begin exogenous feeding within 1 – 3 days (Table 2.3). Cultured larvae settle 
between 18 and 58 dph, after the pelvic fins have fused to form a pelvic disc, which is one 
of the defining characteristic of the family Gobiidae (Table 2.3). Despite the successful 
rearing to settlement of several Elacatinus spp., few studies provide a detailed description 
of larval development (Table 2.3). 
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Table 2.1: Characteristics of reproduction from different Elacatinus species that have bred in captivity. 
Species Time to 
1st spawning 
(days) 
Spawning 
interval 
(days) 
Clutch 
size 
(eggs clutch-1) 
Chorion 
width 
(mm) 
Chorion 
length 
(mm) 
Incubation 
time 
(days) 
Hatching 
success 
(%) 
Reference 
      
Elacatinus evelynae 21 14 
9 - 20 
200 - 250 - - 7 94 ± 3 Colin, 1975; Olivotto et al., 2005 
Elacatinus figaro 20.3 ± 5.9 
24 - 31 
11.2 ± 2.1 
8 - 10 
648 ±183 
140 - 1020 
0.58 - 0.7 1.8 - 2.1 6.8 ±8 
5 - 8 
69.7 ± 24.1 
34 - 100 
Côrtes and Tsuzuki, 2012; 
da Silva-Souza et al., 2015; 
Meirelles et al., 2009; 
Shei et al., 2012, 2010 
Elacatinus genie - 9 
8 - 10 
- - 1.8 - 1.9 - - Colin, 1975 
Elacatinus horsti - - - - 2.5 - - Colin, 1975 
Elacatinus louisae - - - - 2.8 - 2.9 - - Colin, 1975 
Elacatinus multifasciatus < 1 month - 250 - - 5 - 8 - Wittenrich, 2007 
Elacatinus oceanops 1 - 3.5 
months 
10 - 28 50 - 600 - 2 - 3.3 6 - 10 - Colin, 1975; Feddern, 1967;  
Moe, 1975; Valenti, 1972;  
Wittenrich, 2007   
Elacatinus puncticulatus - 7 - 10 153 ± 28 0.55 ± 0.11 - 6 - 7 98.5 ± 0.6 Pedrazzani et al., 2014;  
Wittenrich et al., 2007 
 
Elacatinus xanthiprora - 12 
7 - 14 
- - 1.7 - 2.0 - - Colin, 1975 
         
Elacatinus colini 12.2 ± 10.3 
3 - 44 
7.8 ± 1.7 
2 - 16 
168 ± 19 
19 - 388 
- - 6.8 ± 0.4 
6 - 7 
86 ± 16 
48 - 100 
Majoris et al., this study 
Elacatinus lori 53.2 ± 12.4 
30 - 69 
19.0 ± 7.2 
13 - 35 
1009 ± 477 
564 - 1763 
0.66 ± 0.22 2.54 ± 0.05 8.18 ± 0.4 
8 - 9 
98.2 ± 2 
96 - 100 
Majoris et al., this study 
         Time until 1st spawn was measured in days after pairs were introduced to aquaria. Spawning interval is reported as days between spawning events. Incubation time is reported in days  
         after a clutch was first observed.  
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Table 2.2: Feeding protocols under which attempts have been made to culture Elacatinus larvae in captivity. 
Species Greenwater Diet Prey ml-1 Artemia 
Introduction 
Reference 
      
Elacatinus evelynae N. oculata EU+BR, BR+BP, 
BP, WP+A 
 
10 R 
5 A 
15 dph 
 
Colin, 1975; Olivotto et al., 
2005 
Elacatinus figaro N. oculata BR+A, BP, En-BP, 
BP+EU, BP+WP, 
BP+A 
 
3 - 9 R 
0.1 - 3 A 
12 - 18 dph 
 
Côrtes and Tsuzuki, 2012; 
da Silva-Souza et al., 2015; 
Meirelles et al., 2009; 
Shei et al., 2012, 2010 
Elacatinus genie - WP+A - 14 dph Colin, 1975 
Elacatinus horsti - WP+A - 14 dph Colin, 1975 
Elacatinus louisae - WP+A - 14 dph Colin, 1975 
Elacatinus multifasciatus N. oculata BP+A 
 
10 - 15 R 12 - 14 dph 
 
Wittenrich, 2007 
Elacatinus oceanops - R+A, WP+A - 
 
10 dph Colin, 1975; Feddern, 1967; 
Moe, 1975; Valenti, 1972; 
Wittenrich, 2007   
 
Elacatinus puncticulatus N. oculata 
Paste 
EU, BR+BP+P, 
WP, R+A 
 
10 R 
- 
15 dph 
 
Pedrazzani et al., 2014; 
Wittenrich et al., 2007 
 
Elacatinus xanthiprora - WP+A - 14 dph Colin, 1975 
      
Elacatinus colini N. oculata 
Paste 
BR, BR+A, 
BR+WP 
10 - 20 R 
3 - 9 A 
6 dph Majoris et al., this study 
Elacatinus lori N. oculata 
Paste 
BR, BR+A, 
BR+WP 
 
10 - 20 R 
3 - 9 A 
6 dph 
 
Majoris et al., this study 
        Diet: N. oculata, Nannochloropsis oculata; BR, Brachionus rotundiformis; BP, Brachionus plicatils; R, rotifer species not specified; A,  
        Artemia spp. nauplii; EU, Euplotes sp. ciliates; P, Paramecium sp.; WP, wild zooplankton; En-, indicates that prey have been enriched; +,  
        indicates a combination of prey.  
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Table 2.3: Characteristics of larval development from different Elacatinus species that have been cultured in captivity. 
Species Hatching Yolk-sac 
Absorption 
Flexion Settlement Survival to 
Settlement 
Reference 
      
Elacatinus evelynae - -  - - 
30 - 40 dph 
10 - 50% Colin, 1975; Olivotto et al., 2005 
Elacatinus figaro 3.0 - 3.12 TL 
0 dph 
- - 8.5 TL 
24 - 44 dph 
2 - 30.6% Côrtes and Tsuzuki, 2012; 
da Silva-Souza et al., 2015; 
Meirelles et al., 2009; 
Shei et al., 2012, 2010 
Elacatinus multifasciatus 3.0* 
0 dph 
-  - - 
29 - 35 dph 
- Wittenrich, 2007 
Elacatinus oceanops 3 - 4* 
0 dph 
- - 10* 
18 - 45 dph 
- Colin, 1975; Feddern, 1967; Moe, 
1975; Valenti, 1972; Wittenrich, 
2007   
Elacatinus puncticulatus 2.95 ± 0.35* 
0 dph 
- - - 
36 - 57 dph 
- Pedrazzani et al., 2014; 
Wittenrich et al., 2007 
 
       
Elacatinus colini 3.51± 0.23 NL 
0 dph 
4 NL 
1 dph 
4.76 ± 0.36 SL 
10 dph 
9 - 9.5 SL 
28 - 58 dph 
36.6 ± 18.6% 
13.6 - 65.2% 
Majoris et al., this study 
Elacatinus lori 3.69 ± 0.20 NL 
0 dph 
4 NL 
1 dph 
5.00 ± 0.24 SL 
10 dph 
9-9.5 SL 
28 - 58 dph 
15.9 ± 14.4% 
3.5 - 34.1% 
Majoris et al., this study 
           Measurements of size over age in mean ±sd or range: NL, Notochord length in mm; SL, standard length in mm; dph, age in days post hatch; %, percent  
           survival to settlement; -, value not reported in reference; *, measurement type unspecified in reference.
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The objective of this study was to develop a rearing protocol for two recently described 
species of neon gobies, that are endemic to the Mesoamerican Barrier Reef: 1) Elacatinus 
lori (Colin 2002); and 2) Elacatinus colini (Randall & Lobel 2009). We describe the 
reproductive behavior and larval development for both species and evaluate the suitability 
of rotifers, Artemia and wild-caught plankton as prey for culturing E. lori and E. colini 
larvae. Specifically, we evaluate the effect of different rotifer and Artemia densities on the 
survival and growth of E. lori and E. colini larvae. Finally, the survival and growth of E. 
colini larvae fed wild plankton is compared with those fed a combination of rotifers and 
Artemia. 
2.3   Materials and Methods 
2.3.1   Description of reproductive behavior and larval development 
2.3.1.1   Broodstock maintenance 
Broodstock pairs of E. lori and E. colini were collected by divers from reef habitats near 
Carrie Bow Caye, Belize (Figure 2.1).  Following shipment to the U.S.A., breeding pairs 
were established in 75-L aquaria connected to a recirculating seawater system at Boston 
University, USA. The room was maintained on a 14 L: 10 D light cycle. The broodstock 
system water quality was maintained at a salinity of 33 – 35 ppt, a temperature of 27 – 28 
oC, a pH of 8.0 – 8.3, NH3 levels of 0 – 0.25 ppm, NO2 levels of 0 ppm, and NO3 levels of 
0 ppm. These values were similar to water quality conditions under which other species of 
Elacatinus have been reported to spawn in captivity (Table A.1). Pairs were fed with a 
varied diet of frozen mysid shrimp, frozen brine shrimp, and pellet food. Each pair was  
  15
 
 
Figure 2.1: Photographs of E. lori and E. colini within tube sponges on reefs near Carrie 
Bow Caye, Belize. A) Breeding pair of E. lori in an A. fistularis tube sponge, the smaller 
female is in the foreground and larger male in the mid-ground. Note the clutch of eggs 
adhered to the inner sponge lumen in the background to the left of the male. B) Breeding 
pair of E. colini in a tube sponge, with the female in the foreground and male in the 
background. Note the darker courtship colors of the male. 
 
provided with a grey PVC pipe (diameter: 2.5 cm, length: 15 cm) that served as a spawning 
shelter. Once the first clutch was observed in the shelter, pairs were monitored daily to 
record reproductive behavior, spawning frequency, and clutch size. 
2.3.1.2   Live feed culture 
E. lori and E. colini larvae were cultured using small rotifers (Brachionus rotundiformis; 
Reed Mariculture, USA) and newly hatched brine shrimp nauplii (Artemia salina, INVE 
Technologies, Thailand). Both rotifer species were cultured using commercial algae paste 
(Rotigrow Plus; Reed Mariculture, USA) fed twice daily, once in the morning (0600 – 0800 
hrs) and once in the afternoon (1600 –1800 hrs). Condensed rotifers were enriched using a 
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commercial enrichment product (N-Rich PL plus; Reed Mariculture, USA) for 2 hrs, then 
thoroughly rinsed to remove excess lipids before being fed to larvae. Newly hatched, 
decapsulated Artemia nauplii (< 8 hours post hatch) were fed to larvae without enrichment.  
2.3.1.3   Larval rearing 
Three clutches of E. lori and E. colini were reared to settlement in the lab. Clutches 
typically hatched 7 days after being observed in the PVC pipe. Therefore, the night before 
they were expected to hatch, individual PVC pipes with attached eggs were transferred to 
a cylindrical black 76-L rearing bin. To oxygenate the eggs and stimulate hatching, the 
PVC pipe was positioned vertically and a gentle stream of air was directed over the eggs 
using an air diffuser positioned underneath the pipe. Hatching began immediately 
following transfer to the rearing bin and was complete by the following morning. Larvae 
were fed once daily with enriched rotifers (15 ml-1) from hatch through settlement. To 
maintain the nutritional quality of rotifers and enhance the feeding ability of larvae, 2 ml 
of Rotigreen Nanno (Reed Mariculture, USA) was added to the rearing bin during each 
feeding (Faulk & Holt 2005; Setu et al. 2010). The room was maintained on a 14 L: 10 D 
light cycle. The water quality of rearing bins were maintained at a salinity of 33 – 35 ppt, 
a temperature of 27 – 28 oC, a pH of 8.0-8.3, NH3 levels of 0 – 0.25 ppm, NO2 levels of 0 
ppm, and NO3 levels of 0 ppm. These values were similar to water quality conditions under 
which other species of Elacatinus have been cultured in captivity (Table A.2). 
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2.3.1.4   Larval development and growth 
To describe larval development and assess growth, 3 larvae were sampled from each clutch 
every other day. Larvae were anesthetized using sodium bicarbonate buffered MS-222 and 
transferred to a petri dish containing 3% methyl cellulose. E. lori larvae were photographed 
using a Canon 60D digital SLR camera equipped with a Canon MP-E 65mm 5X macro 
lens (Canon Inc., Japan). The camera was mounted on a ‘Stackshot’ focus-stacking rail 
(Cognysis Inc., USA). The camera and rail system were automated using ‘Helicon Remote’ 
and the photo stacks were compiled into a single image using ‘Helicon Focus’ 
(HeliconSoft, Ukraine). E. colini larvae were photographed using a Canon 60D digital SLR 
camera mounted on a Zeiss Stemi 2000-C stereo dissection microscope (Carl Zeiss, 
Germany). The standard length (SL) and maximum body depth (BD) of larvae were 
measured from photos using ImageJ (NIH, USA). 
2.3.2   Prey density and composition experiments 
2.3.2.1   Obtaining larvae in the field 
To determine the effects of prey density on larval survival and growth, we conducted 
replicate rearing experiments in a wet lab at the International Zoological Expeditions (IZE) 
field station on Southwater Caye, Belize. E. colini larvae were obtained from broodstock 
that were maintained in the field lab following the same protocol as described above. E. 
lori took more time to begin spawning than E. colini. Therefore, to obtain enough E. lori 
larvae to complete prey density and diet experiments during the summer field season, 
SCUBA divers visited a transect of 60 yellow tubes sponges Aplysina fistularis each day 
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to observe the spawning activity of resident males and track the age of clutches. Clutches 
were collected using a slurpgun on the day prior to their anticipated hatch (i.e., 7 days after 
their first observation in sponges). 
2.3.2.2   Larval rearing  
Following acquisition of larvae, either from broodstock maintained in the lab or from the 
reef, individuals from a single clutch were acclimated communally in a 38 L bin. Larvae 
displaying normal swimming behavior were then distributed to 24 cylindrical black 6.5-L 
rearing bins. Each rearing bin was connected to a flow-through seawater system with 5 µm 
pre-filtration. To maintain water quality and remove residual prey items between feedings, 
water exchange was provided to each rearing bin for 1.5 hrs each morning at a flow rate of 
115 ml min-1. Following water exchange, residual prey densities were counted within each 
rearing bin and additional flow was provided if prey exceeded 1 ml-1. New prey items and 
green water (0.5 ml of Rotigreen Nanno) were dosed to the rearing bins between 0800 and 
1000 hrs. The water quality parameters of larval rearing bins including temperature (27.6 
– 29.2 oC), salinity (33 – 36 ppt), and pH (8.0 – 8.3), which were monitored daily; while 
NH3 (<0.17 ppm), NO2 (0 ppm), and NO3 (<0.08 ppm) levels were monitored every third 
day. 
2.3.2.3   Plankton collection  
In addition to culturing rotifers and Artemia, wild plankton were collected daily from the 
dock at IZE using a plankton pump. A 500 gallon hour-1 bilge pump and an LED light were 
mounted to a piling on the dock at IZE. The pump delivered water to a collection bucket 
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that retained plankton >55 µm in size. The pump was operated nightly from 18:30 to 22:00 
hrs. Plankton retained within the collection bucket were size sorted, and those between 55 
– 150 µm were maintained overnight in clean seawater with gentle aeration. Condensed 
plankton was enriched using a commercial enrichment product (N-Rich PL Plus) for 2 hrs, 
then thoroughly rinsed to remove excess lipids before being fed to larvae. 
2.3.2.4   Rotifer density optimization 
To determine the optimal rotifer density to feed newly hatched E. lori and E. colini, survival 
and growth of larvae were evaluated under 4 different rotifer density treatments (0 [unfed 
control], 10, 15, and 20 rotifers ml-1). Twelve rearing bins were set up for each species, 
allowing for 3 replicates per density treatment per species. On the day of hatch (0 dph), 25 
larvae were transferred to each rearing bin. Rotifer density treatments were assigned to bins 
at the start of trials using a random stratified approach. Following a daily water exchange, 
each rearing bin was dosed with rotifers at an assigned density. There was no significant 
difference in water quality parameters among rotifer density treatments (all Kruskal-Wallis 
tests, p > 0.05). On day 6, all surviving fish larvae were collected from the rearing bins, 
counted and photographed using a dissection microscope. The photographs of larvae were 
used to compare larval size (SL and BD) among rotifer density treatments. 
2.3.2.5   Artemia density optimization 
To determine the optimal density of Artemia for culturing E. lori and E. colini larvae, the 
survival and growth of fish larvae were evaluated under 4 Artemia density treatments (0 
[unfed control], 3, 6, and 9 Artemia ml-1). Artemia density treatments were assigned to 
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rearing bins at the start of trials using a random stratified approach. A pilot experiment 
indicated that >40% of E. lori larvae began consuming Artemia nauplii at 6 dph. Therefore, 
for each species, larvae from a single clutch were reared communally in a 38-L rearing bin 
and fed 15 rotifers ml-1 from 0 – 6 dph. On day 6, surviving fish larvae were distributed 
evenly among 12 rearing bins (3 bins per Artemia density treatment). Due to differential 
survival through day 6, the number of larvae transferred to the rearing bins varied between 
species (E. lori: n=20 larvae bin-1; E. colini: n=14 larvae bin-1). Following daily water 
exchange, each bin was dosed with rotifers (15 ml-1) and the assigned Artemia density. The 
water quality parameters in larval rearing bins did not differ significantly between 
treatments (all Kruskal-Wallis tests, p > 0.05). On day 14, all surviving larvae were counted 
and photographed. The photographs of larvae were used to compare larval size (SL and 
BD) among Artemia density treatments.  
2.3.2.6   Optimized rotifer and Artemia densities vs. wild caught plankton 
To determine the suitability of wild-caught plankton for rearing larvae in the lab in Belize, 
the growth and survival of E. colini larvae fed a combination of rotifers and Artemia (RA) 
was compared with larvae fed solely on wild-caught plankton (P). Rotifers (15 ml-1) or 
plankton (≤10 ml-1) were fed to larvae beginning at 0 dph. However, Artemia (3 ml-1) were 
not included in the RA diet until fish were 6 dph. Due to natural variation in the quantity 
of plankton collected in the field each evening, the average density of plankton fed to larvae 
was 5.3 ± 3.8 prey ml-1 (mean ± SD). Water quality parameters were not significantly 
different between prey treatments (all Wilcoxon Rank-Sum tests, p > 0.05). On day 14, all 
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remaining larvae were counted and photographed. The photographs of larvae were used to 
compare the size of larvae (SL and BD) among prey treatments. 
2.3.3   Data analysis 
Fisher’s Exact test was employed to determine whether a significant difference (p < 0.05) 
in larval survival occurred among prey density treatments. When a difference was 
observed, pairwise comparisons with Bonferroni’s correction were used to determine 
which treatments differed with respect to larval survival. Kruskal-Wallis tests were used to 
compare the size of larvae (SL and BD) among prey density treatments. An Exact 
Wilcoxon Rank-Sum test was used to compare the size (SL and BD) of larvae fed wild-
caught plankton with those fed the optimized diet of rotifers and Artemia (see above). All 
statistical analyses were carried out using R version 3.3.1 (R-Core Development Team, 
2016). 
2.4   Results 
2.4.1   General observations of broodstock 
E. lori and E. colini males were characterized by their large size, canine teeth on their lower 
jaw, and pointed genital papillae, while females were identified by their smaller size, 
rounded snout, and square genital papillae. Males spent the majority of their time resting 
inside the PVC spawning shelter, while females were more active and moved around the 
tank. Gravid females developed a full rectangular abdomen with a yellow mass visible 
toward their posterior end. Before spawning, both males and females took on a dark grey 
to black color along the entire body. E. lori pairs (n=18 pairs) began spawning within 30 
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– 69 days, and E. colini pairs (n=13 pairs) within 3 – 44 days of being introduced into 
aquaria (Table 2.1). Female E. lori deposited a dense monolayer of eggs on the inside 
surface of the spawning shelter every 19 ± 7.2 days (n=23 clutches), while E. colini 
spawned smaller clutches every 7.8 ± 1.7 days (n=54 clutches, Table 2.1). Males incubated 
the eggs by fanning and mouthing the clutch until hatching occurred. Females were often 
observed consuming recently hatched larvae in the water column. E. colini spawned 
regularly for 12 months, while E. lori ceased spawning after 6 months.   
2.4.2   Larval development 
The developmental timing of morphological and behavioral characteristics was similar 
between E. lori and E. colini (Table 2.4 – 2.5). For both species, clutches hatched 
immediately after transfer to a rearing tank. Embryos hatched with a functional mouth, 
inflated swim bladder, pigmented eyes, and two visible otoliths (Figure 2.2, A – B; Figure 
2.3, A). Larvae were positively phototactic and swam to the surface of the water after 
hatching. Early larvae were attracted toward light reflecting off the walls of the tank. 
However, the use of black rearing tanks and green water helped to distribute larvae more 
evenly throughout the water column, and was critical in reducing early mortality. 
Exogenous feeding on rotifers began within 12 hours post hatch (hph) and yolk reserves 
were depleted within 24 hph. Notochord flexion was complete by 10 dph (Figure 2.2, F; 
Figure 2.3, C). Following flexion, resorption of the fin folds began along the trunk, and 
then the development of fin rays began in the anal fin and second dorsal fin (Figure 2.2, F 
– J; Figure 2.3, C – D). By 18 – 20 dph, the fin folds were completely resorbed, and the 
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pelvic fin bud and first dorsal fin began to form (Figure 2.2, J – K; Figure 2.3, D). Between 
20 – 28 dph, the pelvic fins continued to elongate, but remained unfused (Figure 2.2, K – 
O). Pre-settlement larvae had an elongated snout, partially fused pelvic fins, and complete 
first dorsal fin (Figure 2.2, O; Figure 2.3, E – F). Larvae began settling when the pelvic 
fins had fully fused to form a pelvic disc, which they used to suction onto surfaces. In both 
species, the earliest settlement event occurred at 28 dph. E. lori developed a dark spot on 
the caudal peduncle at settlement and pigment radiated rapidly from the head onto the trunk 
(Figure 2.2, P). In a 3 day post-settlement E. lori, the dark body pigmentation and whitish 
blue stripe, characteristic of adult E. lori, had developed along the trunk (Figure 2.2, Q). 
Similarly, E. colini immediately developed a dark stripe along the body at settlement. 
Within a few days, yellow pigment developed on the snout and a blue stripe radiated from 
the head through the caudal peduncle (Figure 2.3, G – H). E. lori and E. colini settled 
between 28 – 58 dph. 
Table 2.4: The size of E. lori and E. colini larvae fed a standard diet of 15 rotifers ml-1, 0 
- 30 days post hatch (dph). NL, notochord length; SL, standard length; BD, body depth; n, 
sample size. 
 E. lori E. colini 
   
0 dph NL=3.69 ± 0.20 
BD=0.51 ± 0.02 
n=19 
NL= 3.51 ± .23 
BD= 0.47 ± 0.03 
n= 18 
10 dph SL= 5.00 ± 0.24 
BD= 0.75 ± 0.06  
n= 7 
SL= 4.76 ± 0.36 
BD= 0.65 ± 0.09 
n= 22 
20 dph SL= 6.55 ± 0.71 
BD= 1.04 ± 0.16  
n= 12 
SL= 6.36 ± 0.59 
BD= 0.93 ± 0.13 
n= 18 
30 dph SL= 8.08 ± 8.10 
BD= 1.30 ± 0.01 
n= 2 
SL= 8.23 ± 0.37 
BD= 1.41 ± 0.12 
n= 13 
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Table 2.5: Ontogeny of the neon gobies Elacatinus lori and Elacatinus colini. Labels 
indicate the size at which greater than 50% of the individuals possess the identified 
morphological or behavioral characteristics. NL= notochord length; SL= standard length; 
dpf = days post fertilization; dph= days post hatch. 
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Figure 2.2: The early life history of Elacatinus lori.  Shown are multiple individuals. White 
scale bars = 1 mm. (A): A 6-dpf (days post-fertilization) embryo with pigmented eyes, two 
visible otoliths, an inflated swim bladder, and a yolk-sac.  The chorion has protuberances 
at the anterior end and adhesive filaments at the posterior end. (B) A newly-hatched 
preflexion larva with a functional mouth, reduced yolk reserve, median fin fold, and ventral 
pigment. (C) 4-dph (days post-hatch) preflexion larva with condensation of the caudal fin 
elements. (D) 6-dph larva with initial flexion of the notochord. Note that eye color is 
influenced by position of camera lighting. (E) 8-dph flexion larva with initial formation of 
caudal fin rays and resorption of the minor fin fold rostral to anus. Note the presence of 
rotifers in the gut. (F) 10-dph postflexion larva with hypural plate and caudal fin rays. 
Resorption of the median fin folds begins along the trunk, and development of the anal fin 
rays is more advanced than fin ray development in the second dorsal fin. (G-I) 12-16-dph 
postflexion larvae, dorsal and anal fin formation, and fin fold resorption continue. (J) 18-
dph postflexion larva with complete resorption of the fin folds and emergence of the 3rd 
otolith. (K-M) 20-24-dph postflexion larvae, pelvic fin bud and first dorsal fin begin to 
form. (N) 26-dph postflexion larva, the pelvic fins remain unfused and snout begins to 
elongate. (O) 28-dph presettlement larva, beginning of pelvic fin fusion. (P) 28-dph earliest 
settler with fused pelvic fins forming a complete pelvic disc and first dorsal fin. At 
settlement, a dark spot develops on the caudal peduncle and a stripe begins spreading from 
the head onto the trunk. (Q) 38-dph settler (3 days after settlement) dark pigment and blue 
stripe, characteristic of adults, have progressed onto the trunk. (R) 55-dph settler, fully 
pigmented. 
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Figure 2.3: The early life history of Elacatinus colini. Shown are multiple individuals (age 
in days post hatch at lower left). White scale bars = 1 mm. (A) A newly-hatched preflexion 
larva with a functional mouth, 2 visible otoliths, reduced yolk reserve, inflated swim 
bladder, median fin folds, and dorsal and ventral trunk pigments. (B) 6-dph preflexion larva 
with initial condensation of the caudal elements. (C) 10-dph larva nearing completion of 
flexion with fin fold resorption beginning along the trunk. (D) 20-dph postflexion larva, 
dorsal and anal fin rays have developed, and fin fold resorption is complete. (E) 30-dph 
postflexion larva, the first dorsal fin has developed and the pelvic fins have begun to fuse. 
(F) 38-dph pre-settlement larva, beginning of pelvic fin fusion. (G) 38-dph settler with 
fused pelvic fins forming a complete pelvic disc. At settlement, a band of dark pigment 
develops from the head through the trunk, followed by golden coloration on the snout and 
a blue stripe that spreads rapidly from the head through the caudal peduncle. (H) 44-dph 
settler, fully pigmented.  
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2.4.3   Optimization of rotifer density 
For both E. lori and E. colini, the larval survival in treatments fed rotifers were significantly 
higher than unfed controls (Fisher’s Exact test: pE. lori= 0.028; pE. colini <0.0001; Figure 2.4 a-b). 
However, there was no difference in the survival or size of larvae among those fed 10, 15 
or 20 rotifers ml-1 (Kruskal-Wallis test: HE. lori= 0.83, pE. lori= 0.66; HE. colini = 3.57, pE. colini=0.17; 
Figure 2.4 a-d). For each rotifer density, mean survival and standard length of E. lori larvae 
(Fig. 2.4 a, c) were lower than E. colini larvae (Figure 2.4 b, d). 
 
Figure 2.4: The effect of rotifer density on the survival and standard length of E. lori and 
E. colini larvae. a-b) Bar plots displaying the proportion of larvae that survived to 6 dph 
when fed 0, 10, 15 or 20 rotifers ml-1. 95% confidence intervals (whiskers) and significant 
difference between rotifer density treatments (letters) are illustrated.  c-d) Box plots 
showing the standard length of larvae at 6 dph when fed 0, 10, 15 or 20 rotifers ml-1. The 
median (centerline), interquartile range (box), minimum and maximum values (whiskers), 
and outliers (circles) are illustrated. 
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2.4.4   Optimization of Artemia density 
There was a significant difference among Artemia density treatments in larval survival to 
day 14 (Fisher’s Exact test: pE.lori<0.0001; pE.colini <0.0001; Figure 2.5 a-b). For both E. lori 
and E. colini, the highest survival occurred in control treatments, which were provided with 
15 rotifers ml-1 without the addition of Artemia (Figure 2.5 a-b). Survival declined 
incrementally in treatments fed 3, 6, and 9 Artemia ml-1, with no E. lori surviving to 14 
dph when fed 9 Artemia ml-1. Despite the adverse effect of Artemia density on survival, 
there was no difference in the standard length of surviving larvae among density treatments 
(Kruskal-Wallis test: HE.lori=0.04, pE.lori=0.98; HE.colini = 0.73, pE.colini=0.87). 
 
Figure 2.5: The effect of Artemia density on survival and standard length of E. lori and E. 
colini larvae. a-b) Bar plots displaying the proportion of larvae that survived to 14 dph 
when fed 0, 3, 6 or 9 Artemia ml-1. The 95% confidence intervals (whiskers) and significant 
difference between rotifer density treatments (letters) are illustrated.  c-d) Box plots 
showing larval standard length at 14 dph when fed 0, 3, 6 or 9 Artemia ml-1. The median 
(centerline), interquartile range (box), minimum and maximum values (whiskers), and 
outliers (circles) are illustrated.  
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2.4.5   Wild caught plankton feeding experiment 
The survival of E. colini larvae to 14 dph was significantly higher in fish fed wild-caught 
plankton than those fed a combination of 15 rotifer ml-1 and 3 Artemia ml-1 (Fisher’s Exact 
test: pE.colini =0.006, Figure 2.6 a-b). The standard length of larvae fed wild-caught plankton 
was also larger than those fed rotifers and Artemia (Exact Wilcoxon Rank-Sum test: WE.colini 
= 603, pE.colini<0.0001). 
 
 
Figure 2.6: The effect of wild-caught plankton as a food source on survival and standard 
length of E. colini larvae. a) Bar plot displaying the proportion of larvae that survived to 
14 dph when fed wild-caught plankton (P) or a combination of rotifers and Artemia (RA). 
The 95% confidence intervals (whiskers) and significant difference between rotifer density 
treatments (letters) are illustrated.  b) Box plots showing the standard length of larvae at 
14 dph fed wild-caught plankton (P) or a combination of rotifers and Artemia (RA). The 
median (centerline), interquartile range (box), minimum and maximum values (whiskers), 
and outliers (circles) are illustrated.  
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2.5   Discussion 
In this study, we established captive broodstock and developed a rearing protocol for two 
species of neon gobies, Elacatinus lori and E. colini. In general, Elacatinus spp. adapt well 
to small aquaria and begin reproducing within a few weeks to months of acclimation (Table 
2.1). E. lori spawned less frequently than E. colini, but typically produced larger clutches 
and had higher hatching success (Table 2.1). The number of embryos in each clutch and 
incubation times were similar to those reported for other species of Elacatinus that have 
bred in captivity (Table 2.1). Upon hatching, yolk-sac absorption and first feeding typically 
occur within 24 – 48 hours (Table 2.4). For E. lori and E. colini, notochord flexion was 
complete by 10 dph and settlement occurred between 28 – 58 dph. Pigmentation developed 
rapidly on the head and trunk within a few days of settlement (Table 2.4). The description 
of larval morphology and behavior in relation to size and age is a valuable tool for 
evaluating the effect of different rearing protocols on development and is necessary for the 
comparison of development across species (Table 2.3 – 2.4). 
In rotifer density experiments, there were no significant differences in the survival 
or growth of E. lori or E. colini larvae fed 10, 15 or 20 rotifers ml-1. However, the highest 
mean survival was achieved in E. lori fed 20 rotifers ml-1, and E. colini fed 15 rotifers ml-
1. The larvae of other Elacatinus species have been successfully reared to settlement when 
fed densities of 10 – 20 rotifers ml-1 (Table 2.2; Meirelles et al., 2009; Olivotto et al., 2005; 
Shei et al., 2010). Taken together, the results of these studies suggest that a density of 10 – 
20 rotifers ml-1 is a reasonable starting point for rearing Elacatinus spp. 
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During Artemia experiments, larval survival declined incrementally with increasing 
Artemia nauplii density. The highest survival occurred in control treatments in which larvae 
were only fed rotifers, suggesting that Artemia were sub-optimal prey for E. lori and E. 
colini larvae. There are several possible explanations for the negative effect of Artemia on 
the survival of E. lori and E. colini. First, Artemia may have had a direct effect on survival. 
The majority of larvae were capable of consuming Artemia nauplii by 6 dph, but they may 
not have developed the ability to digest this larger, more complex prey. Higher mortality 
would result if Artemia blocked the digestive system, or if larvae derived less nutritional 
value from Artemia than enriched-rotifers. Alternatively, Artemia may have had an indirect 
effect on survival. Increasing Artemia densities may have depleted oxygen in the rearing 
bins, resulting in higher mortality due to asphyxiation. While low oxygen concentrations 
cannot be ruled out, the rearing bins were well aerated to provide oxygen during Artemia 
density trials. All other aspects of water quality did not differ significantly between bins. 
Therefore, it is unlikely that low oxygen concentrations were the cause of mortality. In 
contrast to our findings, a recent study demonstrated that providing Artemia nauplii at 12 
dph accelerated the timing of metamorphosis in E. figaro, when compared with Artemia 
addition at 18 dph (da Silva-Souza et al. 2015). It is possible that introducing Artemia to 
E. lori and E. colini later in development may have positive rather than negative effects on 
their development.  
E. colini larvae fed wild plankton experienced significantly better survival and 
growth than those fed with a combination of rotifers and Artemia. Côrtes and Tsuzuki 
(2012) demonstrated similar benefits to survival and growth in E. figaro larvae that were 
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fed a diet of rotifers and wild-caught copepod nauplii. In this study, wild plankton samples 
were typically dominated by copepod nauplii, but also included a variety of other 
organisms and prey sizes (Majoris, pers. obs.). This variety of organisms could have 
enhanced survival and growth by allowing larvae to choose larger, more complex prey as 
their feeding abilities improve during development (Anto et al. 2009). The benefits to 
survival and growth make the use of wild-caught plankton an ideal strategy for rearing reef 
fish species (Wittenrich et al. 2007; Wittenrich, Baldwin & Turingan 2010; Pedrazzani et 
al. 2014). Our results demonstrate the feasibility of rearing E. lori and E. colini to 
settlement, and suggest that 10 – 20 rotifers ml-1 and wild plankton provide a viable starting 
point for optimizing the survival and growth of Elacatinus spp. larvae. The captive rearing 
protocols presented here could obviate the development of a wild-caught fishery for these 
Belizean endemics. 
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CHAPTER 3 
Ontogeny of swimming abilities of larval coral reef fishes and a hypothesis for their 
impact on the spatial scale of dispersal  
3.1   Abstract 
Recent studies have demonstrated that late-stage larvae of reef fishes possess strong 
swimming abilities that may allow them to influence their dispersal. However, due to the 
challenge of rearing or collecting larvae early in development, there is little information on 
the ontogeny of swimming abilities in larvae from hatching through settlement. In this 
study, we investigated the ontogeny of critical and sustained swimming abilities in lab-
reared larvae of Amphiprion percula, Elacatinus lori and E. colini. In general, the critical 
and sustained swimming abilities of the larvae improved with age. The congeners, E. lori 
and E. colini, possessed similar critical and sustained swimming abilities. A. percula was 
capable of swimming nearly twice as fast and three orders of magnitude longer than 
Elacatinus. We relate our data on the critical swimming speed of late-stage A. percula and 
E. lori, and literature data on the critical swimming speed of another species, Plectropomus 
leopardus, to the published pattern of dispersal for each species. Though modal dispersal 
is the same among species, there are large differences in median (50th percentile) and long 
distance (99th percentile) dispersal that correspond with the swimming speeds recorded for 
their late-stage larvae. Maximum swimming speed was a better predictor of dispersal 
distance than mean swimming speed, body size or pelagic larval duration. Based on these 
observations, we hypothesize that swimming abilities may play an important role in 
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determining the extent of long distance dispersal, and make testable predictions about the 
spatial scale of dispersal for other families of reef fishes. 
3.2   Introduction 
A major question at the interface of marine ecology and animal behavior is: to what extent 
does larval behavior influence patterns of dispersal and population connectivity? The 
larvae of many marine organisms develop in the pelagic environment before settling on 
benthic habitat. Early efforts to model patterns of dispersal (i.e., the distribution of dispersal 
distances) using physical oceanographic data and pelagic larval duration (PLD) assumed 
that larvae drift passively with currents for 100’s to 1000’s of kilometers before settling 
(Roberts 1997; Cowen et al. 2000). However, biophysical models that integrate 
oceanographic data with larval swimming and orientation behaviors predict that dispersal 
occurs over smaller spatial scales, just 10’s to 100’s of kilometers (Paris et al. 2005, Cowen 
et al. 2006). The patterns of dispersal predicted by biophysical models are more restricted 
than those predicted by purely physical models, suggesting that larval behaviors may play 
an important role in determining patterns of dispersal (Paris et al. 2005; Paris, Chérubin & 
Cowen 2007; Cowen 2006). However, we know relatively little about the ontogeny of 
larval swimming behaviors or their effect on patterns of dispersal.  
Considering the ontogeny of larval swimming behavior, many studies have 
demonstrated that late-stage larvae possess strong swimming abilities that may allow them 
to influence their dispersal (Stobutzki & Bellwood 1997; Stobutzki 1998; Fisher 2005; 
Leis, Hay & Trnski 2005; Leis, Wright & Johnson 2007b; Leis et al. 2009). Indeed, late 
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stage reef fish larvae often swim faster than the mean current speeds recorded around reefs, 
and many swim continuously at moderate speeds for >24 hours without feeding (Stobutzki 
& Bellwood 1994, 1997, Stobutzki 1997, 1998, Fisher & Bellwood 2001, 2002; Fisher 
2005). Some species develop these abilities shortly after hatching, suggesting that they may 
be able to influence their dispersal for the majority of their larval duration (Fisher 2005). 
However, due to the difficulty of rearing or collecting larvae early in development, there is 
relatively little information on the ontogeny of swimming abilities in larvae from hatching 
through settlement (Fisher et al. 2000; Leis 2006; Leis et al. 2007a; Faria et al. 2009).  
The swimming abilities of fish larvae are often evaluated by measuring critical 
swimming speed and sustained swimming duration. Critical swimming speed (Ucrit) tests 
the maximum swimming speed of a larva, whereas the sustained swimming duration tests 
a larva’s endurance at a fixed flow velocity and is often represented as the equivalent 
distance that the larva swam in the flume. Efforts to relate these flume based metrics of 
swimming ability with the dispersal of larvae in situ have primarily focused on a larva’s 
ability to influence horizontal displacement by currents (Stobutzki & Bellwood 1997; 
Fisher 2005). However, due to the challenges associated with observing larval behavior in 
situ, it remains unclear whether larvae use their swimming abilities to remain near their 
natal reef or facilitate their dispersal over long distances (Leis 2006, Leis and Carson-Ewart 
1999, Leis and Fisher 2006). Insights may be gained by investigating the swimming 
abilities of species for which the pattern of dispersal has been described using genetic 
parentage analyses.  
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The objective of this study was to investigate the ontogeny of swimming abilities 
in the larvae of two reef fishes for which data have been published on the pattern of 
dispersal: the clown anemonefish (Amphiprion percula) and the sponge-dwelling neon 
goby (Elacatinus lori). In both species, demersal embryos develop for 7 – 8 days before 
hatching at approximately 3 – 4 mm in notochord length. A. percula larvae spend 7 – 12 
days developing in the plankton before settling to anemones at around 6 – 8 mm standard 
length (SL; Thresher et al. 1989; Elliott et al. 1995); whereas, E. lori spend 15 – 41 days 
developing before settling to sponges at around 8 – 9 mm SL (D’Aloia et al. 2015). 
Considering PLDs alone, one might expect E. lori larvae to disperse farther than A. percula 
larvae (Shanks 2009). However, genetic parentage analyses reveal that for both A. percula 
and E. lori modal dispersal occurred within 0 – 1 km, with the probability of successful 
dispersal declining exponentially as a function of distance from their source (D’Aloia et al. 
2015; Almany et al. 2017). 
 We investigated the ontogeny of critical and sustained swimming abilities of lab-
reared A. percula and E. lori larvae at several ages from hatching through settlement. 
Although previous studies have investigated the swimming abilities of Amphiprion species 
(Fisher et al. 2000; Fisher & Bellwood 2001, 2002; Fisher et al. 2005), this is the first study 
to measure the swimming abilities of any member of the genus Elacatinus. Therefore, we 
also include a third species, Elacatinus colini, to provide a congeneric comparison for E. 
lori. We found that A. percula larvae have substantially better critical and sustained 
swimming abilities than E. lori larvae, which may explain differences in the tail of the 
dispersal kernel of these species. 
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3.3   Materials and Methods 
3.3.1   Larval rearing for tests of critical swimming speed  
To investigate the ontogeny of critical swimming abilities, larvae were obtained from 
breeding pairs of A. percula, E. lori, and E. colini and reared in separate tanks in a 
recirculating seawater system at Boston University (Boston, MA USA). Spawning shelters 
were checked each morning for clutches. For each species, clutches typically hatched 7 – 
8 days after being observed in the spawning shelter. On the night prior to hatching an 
individual clutch was transferred to a cylindrical, black 76-L rearing bin. To oxygenate the 
eggs and stimulate hatching, a gentle stream of air was directed over the eggs using an air 
diffuser positioned underneath the clutch. Upon hatching, larvae were fed HUFA enriched-
rotifers Brachionus rotundiformis (15 rotifers ml-1), decapsulated Artemia nauplii (3 
Artemia ml-1) and the water was tinted with Nannochloropsis algae paste (Rotigreen 
Nanno, Reed Mariculture, USA). The water quality of the rearing bins was maintained at 
a salinity of 33 – 35 ppt, with a temperature of 27 – 28 oC, pH of 8.0 – 8.3, NH3 levels of 
0 – 0.25 ppm, NO2 levels of 0 ppm, and NO3 levels of 0 ppm. 
3.3.2   Larval rearing for tests of sustained swimming duration 
To investigate the ontogeny of sustained swimming abilities, A. percula, E. lori, and E. 
colini larvae were obtained and reared at Boston University as described above. We also 
conducted additional swimming trials with E. lori and E. colini at the International 
Zoological Expeditions (IZE) field station on Southwater Caye, Belize. In brief, E. colini 
larvae were obtained from breeding pairs maintained in a flow-through seawater lab at IZE, 
  40
and E. lori larvae were collected by SCUBA divers on the day prior to hatching and 
transferred to the lab at IZE. Once established in rearing bins, larvae were cultured using 
enriched B. rotundiformis (15 rotifers ml-1), decapsulated Artemia nauplii (3 Artemia ml-
1), wild caught plankton, and Nannochloropsis algae paste. Water quality of the rearing 
bins were maintained at a salinity of 33 – 35 ppt, with a temperature of 27 – 29 oC, pH of 
8.0 – 8.3, NH3 levels of 0 – 0.25 ppm, NO2 levels of 0 ppm, and NO3 levels of 0 ppm. 
3.3.3   Swimming flume design 
We tested the critical and sustained swimming abilities of lab-reared A. percula, E. lori and 
E. colini in a single-channel swimming flume modified from the design by Stobutzki and 
Bellwood (1997). In this flume, the weir was removed from the outflow end and replaced 
with flow straighteners to improve laminar flow within the test chamber (Figure 3.1). The 
flume was partially submerged in a water bath filled with saltwater that matched the 
temperature, salinity and pH of the rearing bin from which larvae were being sampled. The 
water velocity within the flume was regulated between 0.8 – 40 cm-s using a submersible 
pump connected to a volumetrically calibrated flow meter (King Instruments, USA). Dye 
tests were conducted to verify unidirectional pipe flow was achieved along the length of 
the test chamber. 
Larvae were sampled from rearing bins just prior to use in swimming trials and then 
introduced into the flume using a large bore pipette. Recently hatched larvae were attracted 
toward overhead room lighting. To encourage young larvae to remain in the center of the 
water column and swim toward the front of the flume, the use of overhead lighting was 
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minimized during trials and a circular bank of six LED lights was installed upstream from 
the in-flow straighteners. 
 
 
Figure 3.1: Lateral view of the single channel swimming flume used to test the critical and 
sustained swimming abilities of reef fish larvae throughout development, modified from 
the design used by Stobutzki and Bellwood (1997).  
 
3.3.4   Ontogeny of critical swimming speed 
To determine the effect of fish age on the critical swimming abilities of larvae, we 
determined the critical swimming speed (Ucrit) of A. percula larvae at 0, 4, and 8 dph (day 
post hatch), and of E. lori and E. colini at 0, 10, 20, and 30 dph (Table 3.1; Fuiman et al. 
1998). At the start of each trial, an individual larva was acclimated to the flume for 2 min 
with water flowing at a velocity of < 1 cm s-1. If the larva displayed normal orientation and 
swimming behavior during acclimation, then the velocity was increased 2 cm s-1 every 2 
minutes until the larva could no longer maintain position in the flume and failed on the 
back mesh. Trials were stopped when the larva failed for > 5 s. A larva’s critical speed 
(Ucrit) was then calculated following the equation from Brett (1964):  
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Where, U is equal to the penultimate speed, t is the time spent swimming at the final speed, 
ti is the time increment (2 min), and Ui is the final speed of failure. 
 
Table 3.1: Sample sizes for critical (Ucrit) and sustained swimming trials by age group and 
flow velocity for Amphiprion percula, Elacatinus lori, and E. colini. 
  
Age 
(dph) 
 
Critical Speed 
(n) 
Endurance 
(n) by 
Flow Velocity (cm s-1) 
   2 4 6 8 10 
        
A. percula: 0 10 6 6 6 6 6 
    4 10 6 6 6 6 6 
    8 10 1 4 5 3 7 
E. lori: 0 30 22 22 21 21 21 
    10 25 20 20 20 20 20 
    20 15 9 7 9 8 7 
    30 10 11 11 11 11 11 
E. colini: 0 25 19 20 20 20 20 
    10 20 19 19 19 19 19 
    20 15 18 18 18 18 18 
    30 15 15 17 17 17 17 
 
3.3.5   Ontogeny of sustained swimming speed 
To determine the effect of ontogeny on the sustained swimming abilities of larvae between 
hatch and settlement, we determined the sustained swimming duration of A. percula, E. 
lori and E. colini using the same ages of larvae and acclimation protocol as described 
above. Following acclimation, flow velocity was increased to a fixed setting of 2, 4, 6, 8 
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or 10 cm s-1. Swimming duration was recorded as the total time that a larva swam before 
failing on the back mesh, minus the 2 min acclimation period. At slower flow velocities (2 
– 4 cm s-1), some late stage larvae chose to settle on the bottom rather than swim in the 
water column and were therefore removed from the data set.  
Preliminary trials revealed that A. percula larvae were capable of swimming 
continuously for several days (0 – 10.5 days). This extended swimming duration limited 
the number of trials that could be accomplished using a single flume. Therefore, to increase 
sample size, groups of three A. percula larvae were tested simultaneously in each sustained 
swimming trial (Fisher & Bellwood 2002). Larvae were observed continuously for the first 
12 hours. After this observation period, cameras were used to observe the swimming 
behavior of the larvae and record the exact time when each larva failed. The larvae and 
cameras were checked twice daily, once in the morning and again in the evening. No 
behaviors were observed that suggested that swimming abilities of the larvae were 
influenced by the presence of the other fish. A. percula trials were stopped when the third 
larva failed against the back mesh. 
3.3.6   Statistical analyses 
Critical and sustained swimming data violated parametric assumptions of normality and 
homogeneity of variances. Therefore, non-parametric Kruskal-Wallis (KW) tests were 
used to identify significant differences in critical and sustained swimming abilities among 
species, among ages within species, and among flow velocities within species. Following 
KW tests, significant differences between groups were identified using Dunn’s multiple 
comparison test with Bonferroni’s correction (α < 0.05). To facilitate interspecific 
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comparison, analyses were based on ontogenetic age (OAge) expressed as the ratio of an 
individual’s age (Age) in dph and its expected age at settlement (Ageset; (Fuiman et al. 
1998):  
 =   ×  100 
Ageset was established based on our observations of settlement age in lab-reared larvae: 8 
dph for A. percula, and 30 dph for E. lori and E. colini. Sustained swimming durations 
were Log10-transformed due to large differences in the sustained swimming abilities of A. 
percula and Elacatinus spp. (Fuiman et al. 1998). The sustained swimming durations of 
larvae reared in Boston were not different from those reared in Belize, so the data were 
pooled (Figure B.1, a-b). Also, the sustained swimming durations of A. percula tested as 
singletons were not different from A. percula tested as trios, so the data were also pooled 
(Figure B.2). Finally, the equivalent distance swum by larvae during sustained swimming 
trials was calculated by multiplying the swimming duration by the flow velocity during 
each trial (Stobutzki & Bellwood 1997).  
3.4   Results 
3.4.1   Ontogeny of critical swimming speed 
The critical swimming speeds of larvae increased with age for all three species (HA. percula 
= 23.7, df = 2, P < 0.0001; HE. lori = 20.5, df = 3, P < 0.0001; HE. colini = 33.3, df = 3, P < 
0.0001; Figure 3.2). The three species varied when compared 12 hours post-hatch, and 
near settlement (Hhatch = 21.3, df = 2, P = 0.0001; Hsettlement = 19.8, df = 2, P < 0.0001; 
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Table 3.2). E. colini had higher critical swimming abilities than E. lori at hatch, but had 
similar swimming abilities near settlement (Table 3.2). In contrast, A. percula larvae were 
capable of swimming approximately twice as fast as E. lori larvae at each age. At hatch, 
the median critical swimming speed of larvae ranged from 2.4 cm s-1 for E. lori to 6.4 cm 
s-1 for A. percula (Table 3.2). This disparity continued through settlement, with the 
median critical swimming speed of larvae ranging from 6.3 cm s-1 for E. lori to 16.7 cm s-
1 for A. percula (Table 3.2).  
Table 3.2: Median and range of critical swimming speed, sustained swimming duration, 
and the calculated equivalent swimming distance were recorded at hatch and prior to 
settlement in Amphiprion percula, Elacatinus lori and Elacatinus colini. Size 
measurements of larvae, reported as notochord length at hatch and standard length near 
settlement, represent combined data from individuals recovered following swimming trials 
and siblings sampled from the same clutch. SD is standard deviation of the mean. Letters 
indicate significant differences among species in median critical swimming speed (a-c) or 
in sustained swimming duration (a’-b’; Dunn’s tests: P < 0.05). 
 Size 
(mm) 
Critical Speed 
(cm s-1) 
Swimming Duration 
(min) 
Equivalent Distance 
(m) 
 Mean ± SD Median Range Median Range Median Range 
Hatch:        
 A. percula 4.5 ± 0.07 6.4a 4.3 - 8.3 4.3a’ 0.17 - 43.4 13.5 1.0 - 52.5 
  E. lori 3.2 ± 0.27 2.4b 0.1 - 7.8 0.5b’ 0.02 - 10.0 1.7 0.1 - 11.9 
 E. colini 3.4 ± 0.14 4.1c 2.1 - 7.1 0.4b’ 0.02 - 32.6 1.4 0.1 - 39.1 
Settlement:        
 A. percula 6.0 ± 0.35 16.7a 10.2 - 18.5 2,116a’ 133 - 15,141 9,199 638.4 - 
64,116 
 E. lori 8.8 ± 0.90 6.3b 4.0 - 13.6 4.7b’ 0.23 - 273.2 13.7 1.1 - 326.7 
 E. colini 8.8 ± 0.72 8.8b 4.8 - 11.8 6.5b’ 0.27 - 232.7 22.0 1.6 - 279.2 
  
  46
 
Figure 3.2: The critical swimming speed by ontogenetic age recorded for lab-reared 
Amphiprion percula, Elacatinus lori, and Elacatinus colini from hatching through 
settlement. Ontogenetic age is the percent of time to settlement. Letters indicate a 
significant difference in swimming speed between ages (Dunn’s tests: P < 0.05). The 
median (centerline), interquartile range (box), minimum and maximum values (whiskers), 
and outliers (circles) are illustrated.  
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3.4.2   Ontogeny of sustained swimming duration 
 
To determine the effect of ontogeny on endurance, we combined the data across speeds for 
each age tested. We found that the median sustained swimming duration increased with 
age for all three species (HA. percula = 55.64, df = 2, P < 0.0001, HE. lori = 86.98, df = 3, P < 
0.0001, HE. colini = 135.02, df = 3, P < 0.0001; Figure 3.3). Swimming duration varied 
between A. percula and both species of Elacatinus when tested at 12 hrs post-hatch, and 
near settlement (Hhatch = 40.28, df = 2, P < 0.0001; Hsettlement = 54.54, df = 2, P < 0.0001; 
Table 3.2). The median swimming duration of A. percula larvae were an order of 
magnitude higher than that of E. lori and E. colini at hatch and three orders of magnitude 
higher at settlement (Table 3.2). Median swimming duration was not significantly different 
between E. lori and E. colini larvae at either hatching or settlement (Table 3.2). For larvae 
tested near settlement, this converts to a median distance travelled ranging from a low of 
13.7 m for E. lori to nearly 9,200 m for A. percula (Table 3.2).  
To determine the effect of current speed on endurance, we combined the data across 
ages for each flow velocity. A. percula showed no significant difference in median 
swimming duration among flow velocities (HA. percula = 2.0, df = 4, P = 0.74; Figure 3.4). 
However, for E. lori and E. colini median swimming duration decreased at higher flow 
velocities (HE. lori = 108.53, df = 4, P < 0.0001, HE. colini = 97.47, df = 4, P < 0.0001; Figure 
3.4). We then compared the data across flow velocities at each age. Median swimming 
duration also tended to decrease at higher flow velocities at each age (Dunn’s Tests: P < 
0.05). However, near settlement this trend was less pronounced in E. colini and absent in 
A. percula (Figure 3.5).  
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Figure 3.3: Sustained swimming duration by ontogenetic age recorded for lab-reared 
Amphiprion percula, Elacatinus lori, and Elacatinus colini from hatching through 
settlement. Log10-transformed data is reported to facilitate comparison between ages 
among species. Ontogenetic age is the percent of time to settlement. Letters indicate a 
significant difference in swimming durations between ages (Dunn’s test: P < 0.05). The 
median (centerline), interquartile range (box), minimum and maximum values (whiskers), 
and outliers (circles) are illustrated.  
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Figure 3.4: Comparison of sustained swimming duration among flow velocity treatments 
for lab-reared Amphiprion percula, Elacatinus lori, and Elacatinus colini from hatching 
through settlement. Log10-transformed data is reported to facilitate comparison between 
velocity treatments among species. Letters indicate a significant difference in swimming 
durations between flow velocities (Dunn’s Test: P < 0.05). The median (centerline), 
interquartile range (box), minimum and maximum values (whiskers), and outliers (circles) 
are illustrated.  
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Figure 3.5: Comparison of sustained swimming duration among ontogenetic age and flow 
velocity treatments for lab-reared Amphiprion percula, Elacatinus lori, and Elacatinus 
colini from hatching through settlement. Log10-transformed data is reported to facilitate 
comparison between velocity treatments among species. Ontogenetic age is the percent of 
time to settlement. Letters indicate a significant difference in swimming durations between 
flow velocities (Dunn’s Test: P < 0.05). N.S. indicates no significant difference among 
treatments. N.D. indicates no data collected for a given age due to differences in the timing 
of data collection during development. The median (centerline), interquartile range (box), 
minimum and maximum values (whiskers), and outliers (circles) are illustrated. 
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3.5   Discussion 
In this study, we investigated the ontogeny of swimming abilities in lab-reared larvae of A. 
percula, E. lori and E. colini from hatching through settlement. The results showed that 
both the critical and sustained swimming abilities of each species improved with age. The 
congeners, E. lori and E. colini, possessed similar critical and sustained swimming abilities. 
However, A. percula were capable of swimming twice as fast and three orders of magnitude 
longer than E. lori. Taken together, the differences in swimming abilities between A. 
percula and E. lori suggest that these species have different capacities to influence their 
dispersal.  
3.5.1   Ontogeny of critical swimming ability 
Among the few studies that have investigated the critical swimming ability of reef fish 
larvae from hatching through settlement, recently hatched larvae were capable of 
swimming at speeds of 2 cm s-1, with the mean of best performers as high as 4.8 cm s-1 
(Fisher et al. 2000; Bellwood & Fisher 2001). Near settlement, late-stage larvae of a similar 
size to A. percula and E. lori (6 – 9 mm SL) swam at speeds of  4 – 19 cm s-1 (Leis 2010). 
In the current study, the median speed of recently hatched larvae varied from a high of 6.4 
cm s-1 for A. percula to a low of 2.4 cm s-1 for E. lori, while the best performer of each 
species swam at speeds of 8.3 cm s-1 for A. percula and 7.1 cm s-1 for E. lori. These upper 
limits of performance are nearly twice the speed of those previously reported for species 
that are of a similar size to E. lori, E. colini and A. percula at hatch (Fisher et al. 2000; 
Bellwood & Fisher 2001). One possible reason for this difference is the closed-channel and 
reduced turbulence of the flume design used to test recently hatched larvae in this study. A 
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previous study demonstrated that the Ucrit speed of juvenile silver carp Hypophthalmichthys 
molitrix was 10% faster in closed-channel than in open-channel flumes (Shi et al. 2014). 
Though flume designs may contribute to in swimming speeds recorded among studies, 
interspecies variation in swimming abilities upon hatching likely plays an important role. 
As the larvae of each species developed, their critical swimming speed generally improved 
with age. Relative to critical swimming speeds reported for larvae of a similar body size, 
late-stage A. percula were among the strongest swimmers, while late-stage E. lori were 
relatively weak (Fisher et al. 2005; Hogan, Fisher & Nolan 2007; Leis 2010).  
3.5.2   Ontogeny of sustained swimming ability 
Previous studies have shown that sustained swimming ability remains low (< 4 km) until 
larvae reach 7 – 10 mm in size, at which point they can improve rapidly. In swimming 
flumes, the late-stage larvae of several reef fish families often swim for durations that are 
equivalent to distances of 20 km or more (Leis 2010). Here, we found that swimming 
duration increased significantly with age in all three species. Larvae tested within 12 hrs 
of hatching had minimal sustained swimming abilities (equivalent distance: 0.001 – 0.01 
km). Near settlement, late-stage A. percula larvae swam a median distance of 9.2 km. 
Remarkably, the best performer swam continuously for 10.5 days and had the potential to 
cover 64.1 km. In contrast, the best performing E. lori swam for only 4.6 hours with the 
potential to cover only 0.3 km. While swimming durations improved dramatically 
throughout ontogeny for A. percula, E. lori had relatively low swimming durations 
throughout their entire larval phase.  
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Not surprisingly, several studies have shown that the swimming duration of late-
stage larvae decreases at higher flow velocities (Fisher & Bellwood 2002; Fisher & Wilson 
2004; de la S. Sabate et al. 2013). Fisher and Bellwood (2002) found that swimming 
durations did not improve until critical swimming speed had reached approximately double 
the experimental flow velocity. In this study, swimming durations also began to improve 
when the critical speed of larvae was greater than the experimental flow (Figure B.3). The 
median swimming duration decreased with increasing flow velocities, except for late stage 
A. percula and E. colini (Figure 3.5), which swam for similar durations across a range of 
flow velocities from 2 – 10 cm s-1. At higher flow velocities (6 – 10 cm s-1), all individuals 
swam continuously in the water column. However, at slower flow velocities (2 – 4 cm s-1) 
late stage A. percula and E. colini larvae often chose to settle on the flume bottom rather 
than swim in the water column. For late-stage larvae that are competent to settle, low flow 
environments may provide hydrodynamic cues that induce settlement (Koehl & Hadfield 
2010).  
3.5.3   Swimming abilities and the potential to influence dispersal.  
Efforts to relate swimming abilities with dispersal outcomes have primarily focused on a 
larva’s ability to offset horizontal displacement by currents (Stobutzki & Bellwood 1997; 
Fisher 2005). In addition to horizontal movement, larvae may also use their swimming 
abilities to migrate vertically in the water column and orient with respect to environmental 
cues (Leis et al. 1996; Leis & Carson-Ewart 1999; Leis & Fisher 2006; Irisson et al. 2010; 
Mouritsen et al. 2013). These behaviors may ultimately retain larvae near their natal reef, 
or alternatively, facilitate dispersal over long distances (Atema et al. 2015). In the current 
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study, the combination of high swimming speed and endurance suggest that A. percula 
likely have more potential to influence patterns of dispersal than E. lori, which have low 
swimming speed and minimal endurance. However, how swimming abilities relate to 
realized patterns of dispersal in the field remains a critical gap in our knowledge of the 
mechanisms that drive larval dispersal. 
3.5.4   Swimming abilities and observed patterns of dispersal  
Larval swimming abilities and the pattern of dispersal have been empirically described for 
only three species of coral reef fishes: E. lori (this study; D’Aloia et al. 2015), A. percula 
(this study; Almany et al. 2017), and the leopard coral-grouper Plectropomus leopardus 
(Fisher et al. 2005; Williamson et al. 2016). The critical swimming speeds of late-stage 
larvae of each species vary from a low of 6.3 cm s-1 for E. lori (Table 3.2), to 16.7 cm s-1 
for A. percula (Table 3.2), and 31.5 cm s-1 for P. leopardus (Fisher et al. 2005). Considering 
patterns of dispersal, there are obvious similarities and differences among species in the 
dispersal kernels estimated from genetic parentage analyses (D’Aloia et al. 2015; 
Williamson et al. 2016; Almany et al. 2017). For each species, the modal dispersal distance 
class was 0 – 1 km and the probability of successful dispersal declined exponentially with 
increasing distance from the natal source. However, the median (50th percentile) and long 
(99th percentile) distance dispersal varied by approximately an order of magnitude between 
E. lori and A. percula, and two orders of magnitude between E. lori and P. leopardus. 
With this information in hand, it is possible to consider how the swimming speed 
of late-stage E. lori, A. percula, and P. leopardus is related to their observed patterns of 
dispersal. Though swimming abilities differ substantially among species, the modal 
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dispersal distance of each species occurs within 0 – 1 km of their natal origin. This 
observation suggests that strong swimming abilities are not necessary to achieve short 
distance dispersal, i.e., stay close to home (Figure 3.6a). Though modal dispersal is the 
same among species, there are large differences in median (Figure 3.6b) and long distance 
(Figure 3.6b) dispersal that correspond with the swimming speeds recorded for their late-
stage larvae. When compared with other traits of late-stage larvae, the maximum 
swimming speed was a better predictor of dispersal distances than the mean swimming 
speed, mean body size or PLD of each species (Figure B.4). This leads to the hypothesis 
that swimming abilities of larvae may play an important role in determining the extent of 
long distance dispersal. 
Using the hypothesized relationship between swimming abilities and the scale of 
dispersal described above (Figure 3.6, a-c), we can make predictions about the scale of 
dispersal in other families of reef fishes by using the critical swimming speed data 
published in (Fisher et al. 2005; Hogan et al. 2007). This approach suggests that median 
dispersal distances may range from approximately 0 – 500 km, with long dispersal 
distances ranging from 0 – 3,000 km (Table 3.3). Among reef fish families, Ogocephalidae, 
Syngnathidae, Gobiidae and Antennariidae are predicted to have the shortest dispersal 
distances. Whereas, Terapontidae, Lethrinidae, Holocentridae and Siganidae are predicted 
to disperse over substantially longer distances. Given the wide variation is swimming 
abilities among members of the same family, there is also likely to be substantial 
intrafamilial variation in dispersal related to their swimming abilities. By  
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Figure 3.6: Relationship between a) modal, b) median, and c) long dispersal distance and 
critical swimming speed of late-stage larvae of Elacatinus lori, Amphiprion percula, and 
Plectropomus leopardus. Regressions were calculated using the dispersal distances 
reported from the fitted dispersal kernels in D’Aloia et al. 2015, Almany et al. 2017, and 
Williamson et al. 2016, and the maximum critical swimming speeds reported in this study 
and Fisher et al. 2005. Solid line – regression line; Circles – E. lori; Squares – A. percula; 
Triangles – P. leopardus.  
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Table 3.3: Predicted median (50th percentile) and long (99th percentile) dispersal distance 
for 27 families of reef fishes, organized by increasing distance. Predicted distances were 
calculated from the regression of max critical swimming speed (Max Ucrit) of late stage 
larvae and observed dispersal distances reported from the fitted dispersal kernels of 
Elacatinus lori, Amphiprion percula, and Plectropomus leopardus (see Figure 6). Species 
– number of species included as data for each family. Max Ucrit –mean calculated from the 
maximum swimming speeds recorded for each species within a family determined using 
data from the current study, Fisher et al. (2005), and Hogan et al. (2007). 
 
Family Species 
(n) 
Max Ucrit 
(cm s-1) 
Predicted Distance 
(km)  
Mean 50th Percentile 99th Percentile 
Ogcocephalidae 1 0.43 0 0 
Syngnathidae 1 7.5 0 0 
Gobiidae 2 12.7 0 0 
Antennariidae 1 13.54 0 0 
Ostraciidae 1 18.04 21 136 
Blennidae 2 28.05 86 570 
Apogonidae 18 29.35 94 626 
Sphyraenidae 2 30.42 101 672 
Labridae 3 32.16 113 748 
Pomacanthidae 2 32.21 113 750 
Serranidae 4 33.71 123 815 
Clupeidae 2 35.05 131 873 
Pseudochromidae 3 35 131 871 
Tetraodontidae 4 36.01 138 915 
Monacanthidae 5 40.43 166 1106 
Haemulidae 1 40.55 167 1111 
Nomeidae 1 42.9 183 1213 
Gerreidae 1 47.92 215 1430 
Carangidae 3 48.44 219 1453 
Lutjanidae 9 49.13 223 1483 
Nemipteridae 2 49.95 228 1518 
Pomacentridae 31 51.64 240 1591 
Chaetodontidae 5 59.06 288 1913 
Acanthuridae 7 60.18 295 1961 
Terapontidae 1 72.5 375 2495 
Lethrinidae 1 79.7 422 2806 
Holocentridae 3 85.17 458 3043 
Siganidae 1 87.1 471 3127 
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no means do we expect there to be a perfect correlation between critical swimming speed 
and long distance dispersal. But, if this hypothesis is supported as additional swimming 
and dispersal data are collected, then measuring larval swimming speed would provide a 
first approximation of the scale of dispersal for a species.  
This study represents a first attempt at relating the behavioral potential of reef fish 
larvae with empirically described patterns of dispersal. Our results suggest that swimming 
abilities may play an important role in determining the extent of long distance dispersal, 
which has a strong influence on connectivity among populations and population divergence 
(Nathan 2006; Jordano 2017). To rigorously test this hypothesis, swimming abilities and 
dispersal kernels will need to be measured for multiple species at the same location. 
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CHAPTER 4 
Differential persistence favors habitat preferences that determine the 
distribution of a coral reef fish 
4.1   Abstract 
A central focus of population ecology is understanding what factors explain the distribution 
and abundance of organisms within their range. This is a key issue in marine systems, 
where many organisms produce dispersive larvae that develop offshore before returning to 
settle in a benthic habitat. The distribution of recently settled individuals (i.e., settlers) may 
be shaped by larval supply, post-settlement mortality, movement, or behavioral preferences 
for particular settlement habitats. However, the extent to which these processes interact to 
generate population level patterns of distribution and abundance remains poorly 
understood. We investigated the distribution of the neon goby, Elacatinus lori, on sponge 
habitat and evaluated whether variation in the persistence of E. lori settlers among different 
sponge species and sponge morphologies can result in habitat preferences and establish 
their observed distribution. E. lori settlers were more likely to occur on large tube sponges 
than small tube sponges and more likely to occur on yellow tube sponges (Aplysina 
fistularis) than brown tube sponges (Agelas conifera). An experiment seeding settlers onto 
multiple species and sizes of sponge habitat revealed that settlers persist longer on large 
yellow sponges than on small yellow sponges or on brown sponges. Habitat preference 
experiments demonstrated that settlers prefer large yellow sponges over small yellow 
sponges or brown sponges. Settlers achieve these preference behaviors using visual, but 
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not chemical, cues. Finally, new settlers arriving from the water column are also more 
likely to occur on yellow sponges than on brown sponges, and large yellow sponges rather 
than small yellow sponges, indicating that the observed habitat preferences exist 
independent of prior experience. These results support the hypothesis that E. lori have 
evolved behavioral preferences for sponge habitats that will maximize their post-settlement 
persistence, and that decisions at settlement shape the population level pattern of settler 
distribution on coral reefs. 
4.2   Introduction 
A central question in the field of population ecology is, what causes the distribution and 
abundance of organisms throughout their range? For species with dispersive offspring, 
distribution patterns may be established prior to settlement as a result of variation in the 
supply of offspring across settlement habitats, or after settlement as a result of variation in 
the survival of offspring among habitat types (Forrester 1995; Schmitt & Holbrook 1996, 
1999; Jones 1997). When this variation in survival is consistent, natural selection is 
expected to favor the evolution of behavioral preferences for the habitat that confers the 
highest relative fitness (Booth & Wellington 1998). These ecological, evolutionary and 
behavioral processes are not mutually exclusive and likely interact to influence distribution 
patterns. While previous studies have integrated these processes to explain distribution 
patterns in terrestrial vertebrates (for a review see: Safran et al. 2007), relatively few studies 
have integrated these processes in marine fishes (but see: Wellington 1992; Shima 2001; 
Srinivasan 2003). 
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Most coral reef fishes produce eggs and pelagic larvae that develop offshore, in the 
water column, before returning to settle on reef habitat. In some species, recently settled 
individuals (from here on ‘settlers’) occupy a transitional habitat before recruiting to the 
adult habitat (Lecchini et al. 2012). Settlers are often non-randomly distributed, suggesting 
that ecological, evolutionary, and behavioral processes may influence their distribution (for 
a review see: Booth & Wellington 1998). The influence of evolutionary processes on the 
distribution of settlers is often evaluated by measuring components of their fitness, 
including variation in the survival or persistence (i.e., a correlate of survival that includes 
mortality and/or movement) of individuals across settlement habitats. This variation occurs 
as a result of differences among habitats with respect to the risk of predation (Shulman 
1985; Holbrook & Schmitt 2002, 2003, Almany 2004a; b), the availability of resources 
(Booth & Hixon 1999; Holbrook, Forrester & Schmitt 2000; Almany 2004b), and/or the 
intensity of density-dependent interactions (Jones 1988; Holbrook & Schmitt 2002; Buston 
2003b). If survival varies predictably among habitat types, then larvae should prefer to 
settle on the habitat that maximizes their potential post-settlement survival (Wellington 
1992; Booth & Wellington 1998; Srinivasan 2003; Safran et al. 2007). 
As larvae settle from the water column they are expected to prefer characteristics 
of a habitat or social cues that provide the most reliable information regarding their 
potential for post-settlement survival. Characteristics of the habitat may provide larvae 
with information regarding the quality of resources, such as food and shelter, or the 
potential risk of predation associated with a settlement habitat (Schmitt & Holbrook 1999; 
Dixson, Pratchett & Munday 2012; Lecchini et al. 2014). In contrast, social cues may 
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provide information regarding the costs and/or benefits of joining groups at settlement 
(Thresher 1983; Stamps 1988; Safran et al. 2007). After settlement, individuals may benefit 
from enhanced growth, survival and future reproductive opportunities provided by 
conspecifics (Jones 1988; Adam 2011) or they may experience costs due to antagonism 
and competition for resources (Schmitt & Holbrook 1999; Buston 2003b). Though larvae 
may use both habitat characteristics and social cues when selecting settlement habitat, the 
relative importance of pre-settlement preference behaviors in establishing patterns of 
distribution requires further investigation (Gutiérrez 1998). 
To use habitat characteristics and social cues, larvae must possess sensory systems 
and swimming abilities that allow them to detect, navigate to, and discriminate among 
potential settlement habitats (Leis, Siebeck & Dixson 2011). In laboratory and field 
experiments, settlers often display a behavioral preference for visual (Igulu et al. 2011; 
Lecchini 2011; Lecchini et al. 2014), chemical (Atema, Kingsford & Gerlach 2002; 
Gerlach et al. 2007; Dixson et al. 2011), or auditory cues (Simpson et al. 2004; Wright et 
al. 2005; Mann et al. 2007) that emanate from their preferred settlement habitat. However, 
they likely use multiple sensory modalities when locating habitat under natural conditions 
(Lecchini et al. 2005b; Lecchini, Planes & Galzin 2005a; Huijbers et al. 2012; Igulu et al. 
2013). Larvae may use these cues to discriminate among settlement habitats at large 
(Atema et al. 2002; Gerlach et al. 2007; Dixson et al. 2011) and small (Huijbers, Mollee 
& Nagelkerken 2008; Dixson et al. 2008; Igulu et al. 2011) spatial scales. At small scales, 
some larvae discriminate among multiple host species (e.g., a sponge, coral or anemone; 
Elliott, Elliott & Mariscal 1995; Elliott & Mariscal 2001; Dixson et al. 2011), and even 
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among the health of individuals of the same species (Öhman et al. 1998; Feary et al. 2007; 
Coppock, Gardiner & Jones 2013). When presented with sensory cues from conspecifics, 
larvae may be either attracted to or actively avoid cues related to the presence (Sweatman 
1985, 1988; Elliott & Mariscal 2001; Lecchini et al. 2005b) and size (Igulu et al. 2011) of 
conspecifics. These behaviors suggest that many larvae are equipped to use both habitat 
characteristics and social cues to make fine-scale decisions when selecting among potential 
settlement habitats. However, few studies have investigated whether settlement decisions 
ultimately result in population level patterns of distribution (Booth & Wellington 1998). 
We used the neon goby Elacatinus lori (family Gobiidae) as a study species to 
advance our understanding of how behavioral preferences and post-settlement persistence 
interact to shape population level patterns of distribution. E. lori is an obligate sponge-
dwelling goby endemic to the Mesoamerican Barrier Reef (Colin 2002). Like most reef 
fishes, E. lori has a pelagic larval phase, a settler phase that typically resides on the outer 
sponge wall, a recruit phase that moves from the outer sponge wall to living inside the 
sponge tube and a relatively sedentary adult phase that lives and breeds within the sponge 
(Figure 4.1; terminology sensu: Sale, Douglas & Doherty 1984; Sale 1991; Caley et al. 
1996; Shima 2001; Buston 2003; Ben-Tzvi et al. 2009; Lecchini et al. 2012). Although E. 
lori is known to occupy a variety of sponge species, they are most abundant in the yellow 
tube sponge Aplysina fistularis and the brown tube sponge Agelas conifera on the outer 
fore reef in Belize. These sponge species are similar in maximum tube size and the number 
of tubes per individual sponge, but preliminary observations suggest that E. lori are more 
abundant in association with A. fistularis (from here on ‘yellow sponges’) than in A. 
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conifera (from here on ‘brown sponges’). A study of the distribution of E. lori settlers 
occupying yellow sponges found that E. lori are more likely to occur in large, multi-tube 
sponges rather than in sponges with other morphologies (D’Aloia, Majoris & Buston 
2011). The behavioral preferences and post-settlement processes that establish the 
distribution of E. lori across sponge habitats remain to be determined.  
 
 
Figure 4.1: The life cycle of Elacatinus lori in the yellow tube sponge Aplysina fistularis. 
After hatching, E. lori larvae develop in the water column for 26 ± 3.6 days (mean ± SD), 
reaching 8 – 9.5 mm SL (standard length), before settling onto sponge habitat (D’Aloia et 
al. 2015). Settlers, post-settlement individuals approximately 8 – 18 mm SL, live on the 
outer sponge wall before recruiting into a sponge tube. Recruits (>18mm SL) grow to 
approximately 28 mm SL before reaching maturity and ultimately breeding within the 
sponge tube (D’Aloia et al. 2011; Rickborn & Buston 2015).  
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Here, we build upon these previous studies by demonstrating i) that the distribution 
of E. lori settlers across species and morphologies of sponge habitat is stable among sites 
surveyed in different years. We then investigate ii) the persistence of settlers inhabiting 
different sponge types, iii) the preference behaviors and sensory modalities that settlers use 
to discriminate among habitat types, and finally, iv) whether observed preferences are 
based on prior experience. Our results support the hypothesis that E. lori have evolved 
behavioral preferences for sponge habitats that will maximize their post-settlement 
persistence, and that decisions at settlement shape the population level pattern of settler 
distribution on coral reefs. 
4.3   Materials and Methods 
4.3.1   Study system 
This study was conducted in the South Water Caye Marine Reserve (SWCMR) on the 
Belizean Barrier Reef (BBR) in 2011, 2015, and 2017. Within the reserve, the barrier reef 
has several reef zones including a back reef, reef crest, inner fore reef, and outer fore reef 
(Rützler & Macintyre 1982). In 2011 and 2017, we tested habitat preferences of E. lori 
settlers on the back reef, behind Curlew Caye (16o 47’ 23” N 88o 04’ 33” W); and in 2015, 
we investigated the distribution, persistence, and habitat preferences of E. lori settlers on 
the outer fore reef off South Water Caye (16o 48’ 92” N, 88o 04’ 89” W). 
4.3.2   E. lori settlers 
New E. lori settlers arriving from the water column lack pigment throughout most of their 
body, but can be identified by a small blue line on the snout and black spot on the caudal 
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peduncle. Thus, we use the term ‘new settlers’ to describe individuals 8 – 10 mm SL that 
have minimal pigmentation along the body (Figure 4.2a). After 1 – 2 days, settlers ≥10 mm 
SL develop dark pigmentation and light blue lines that originate on the head and spread 
along the body as settlers increase in size (Figure 4.2, b-d). These differences in size and 
pigmentation allow observers to discriminate among settlers at approximately ±1 mm SL 
size increments. 
Each component of this study was performed using either the complete size 
distribution of settlers (8 – 18 mm SL) or a subset of the size distribution, which specifically 
enabled us to: i) observe the distribution of E. lori settlers on sponge habitat; ii) 
experimentally determine variation in settler persistence across sponge habitat types; iii) 
experimentally test the habitat preferences of E. lori settlers; and iv) determine the 
influence of prior experience on habitat preference behaviors (Table 4.1). 
 
Table 4.1: Summary of the size range of settlers that were used in the observational and 
experimental components of this study. 
Experimental Design 
Standard Length (SL) 
8 - 10 mm 10 - 18 mm 
   
i) Observational Survey of Natural Settler Distribution Yes Yes 
ii) Experimental Test of Settler Persistence  No Yes 
iii) Experimental Test of Habitat Preferences Yes Yes 
iv) Effects of Prior Habitat Experience   
a) Habitat preferences of settlers from brown sponges Yes Yes 
b) Observational survey of new settler distribution Yes No 
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Figure 4.2: Photographs of wild-caught Elacatinus lori settlers. New settlers (a) arriving 
on sponges range from 8 – 10 mm SL and have minimal pigmentation along the body. 
Larger settlers (b–d) gradually develop blue stripes and dark pigmentation along the body.  
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4.3.3   Establishment of a sponge transect 
A transect of 60 tagged yellow tube sponges and 60 tagged brown tube sponges was 
established on the outer fore reef off South Water Caye for use in both observational and 
experimental components of this study. The size and number of sponge tubes per individual 
varies among sponge species and among individuals of the same species. Therefore, divers 
identified and tagged pairs of adjacent (≤ 5m apart) yellow and brown sponges of similar 
size and tube number to control for potential spatial variation in the arrival of larvae to 
these sponges. Sponge pairs were chosen to represent the range of maximum tube lengths 
and number of tubes among individuals of each sponge species. We excluded sponges less 
than 10 cm in maximum tube length from the study because E. lori are rarely observed in 
such small sponges (D’Aloia, Majoris & Buston 2011). We also excluded sponges that 
occurred deeper than 20 m, because dive time is limited below this depth. At each tagged 
sponge, divers recorded ‘habitat’ variables including species, maximum tube length, 
number of tubes greater than 10 cm, and water depth at the base of the sponge, as well as 
‘social’ variables including the presence or absence of E. lori residents, density of residents 
in each sponge (i.e.; the number of residents / the total number of sponge tubes) and the 
presence or absence of E. lori settlers on the outer sponge wall. The 120 tagged sponges in 
this transect were used to determine the influence of these variables on the: i) distribution, 
ii) persistence, and iv) arrival of new E. lori settlers in subsequent experiments. 
4.3.4   i.) Observational survey of natural settler distribution 
Divers surveyed each of the 120 tagged sponges for the presence or absence of E. lori 
settlers to test the hypothesis that habitat and/or social variables are related to the natural 
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settler distribution (8 – 18mm SL; Table 1). We constructed a set of generalized linear 
models (distribution= binomial; link = logit) in R 3.2.3 (R Core Team 2015) to investigate 
the relationship between the presence or absence of an E. lori settler on a sponge (1 or 0) 
and all habitat and social variables (as defined above). Each variable was treated as an 
alternative hypothesis for the factors that predict the distribution of settlers (Stephens, 
Buskirk & del Rio 2007). 
4.3.5   ii.) Experimental test of settler persistence  
Settlers were seeded onto sponges along the transect to test the hypothesis that the 
distribution of E. lori settlers is the result of variation in their persistence (i.e., defined here 
as the time a settler spent on a sponge as a result of mortality and/or movement) across 
settlement habitats. First, naturally occurring settlers were cleared from each of the tagged 
sponges. Next, settlers were collected from yellow sponges (A. fistularis) on the fore reef 
outside of the transect. They were collected exclusively from yellow sponges because 
settlers were exceedingly rare on the brown sponge species (A. conifera), thus preventing 
the implementation of a fully cross-factored experimental design. Further, settled 
individuals were used because, i) naïve larvae could not be effectively collected from the 
water column, and ii) at the time of this study we had not yet developed techniques for 
rearing larvae in captivity. We used only individuals 10 – 18 mm SL (SLmean ± SD = 12.37 
mm ± 1.63; Table 1) so that experimental settlers seeded onto sponges could be 
distinguished from new settlers arriving naturally from the water column based on size (8 
– 10 mm SL) and differences in pigmentation (Figure 2). Using a random stratified 
approach, settlers were placed on four different sponge habitats (large yellow, large brown, 
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small yellow, small brown), such that each of the habitats were seeded with the full range 
of settler sizes. We seeded one settler per sponge (n = 120 fish) because instances of two 
or more E. lori settling to the same sponge are rare (<10 % of settlement events). 
For each of the 120 tagged sponges, divers recorded the presence or absence of the 
seeded settler every other day for two weeks (n = 7 observations). New settlers that arrived 
from the water column and individuals that moved between sponges were identified using 
differences in size and pigmentation (Figure 2), removed from the sponge, and measured 
to confirm size (SL). Following completion of the first two-week trial, a second trial was 
carried out using the same sponges, but with a new group of 120 E. lori settlers. 
We fit an inverse Gaussian shared frailty model (i.e., mixed-effects Cox-
proportional hazards regression) using the ‘coxme’ package in R (Therneau 2015) to 
determine which habitat and social variables influence the persistence of settlers on sponge 
habitat. This approach allowed us to statistically control for changes in resident density by 
including resident density as a time dependent covariate. It also allowed us to statistically 
control for the initial size of the experimental settler by including settler SL as a covariate. 
Finally, we included sponge ID (i.e., individual sponge identity) as a frailty term with a 
Gaussian distribution (i.e., random effect) to control for repeated measures using the same 
set of 120 sponges in trials 1 and 2. Kaplan-Meier survival curves were plotted for the 
proportion of settlers remaining on a sponge as a function of time, stratified by sponge size 
and sponge species, and controlling for density of residents and the size of settlers. 
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4.3.6   iii.) Experimental tests of habitat preference 
We conducted habitat preference tests between May and August of 2011 using E. lori 
settlers to experimentally test the hypothesis that the distribution of settlers is established 
by preferences for specific sponge species and morphologies. A total of 305 settlers were 
collected from yellow sponges on the outer fore reef off Curlew Caye. As in the post-
settlement persistence experiment (above), settlers were collected exclusively from yellow 
sponges (A. fistularis). Settler size (SL) was measured prior to use, and spanned the full 
size range from 8 – 18 mm SL (SLmean ± SD = 11.75 mm ± 2.34; Table 1). 
A circular arena with a 6 m diameter was established in a shallow (< 2 m deep) 
sand patch on the leeward side of Curlew Caye to test alternative hypotheses concerning 
the habitat characteristics and social cues that E. lori settlers might use to choose sponge 
habitat. Dye tests were conducted each day to measure current speed, direction, and to 
observe mixing. For each experiment, two habitat types were placed in alternating positions 
at 60-degree intervals along the arena’s perimeter (e.g. 3 A. fistularis x 3 PVC pipes; Figure 
4.3a) and the position of habitat types was rotated 180o midway through each experiment. 
Following a 2 min acclimation period, individual settlers were released from a glass jar 
onto the sand in the center of the arena and allowed to choose from among the habitat types 
being tested. Settlers that did not move from the center of the arena within 5 minutes of 
release were excluded from the experiment (n = 82 of 344 fish). Preliminary observations 
showed that settlers remained on their first habitat choice for >24 hours. Thus, ‘preference’ 
was recorded by a snorkeling observer (for similar methodology see: Lecchini et al. 2005b) 
as the first habitat with which a settler made contact. A test ended once the settler made 
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contact with the outer surface of either a sponge or PVC tube. Data were analyzed using a 
chi-square goodness of fit test (P = 0.05).  
Sensory cue manipulations were conducted using the arena to determine which 
sensory cues E. lori settlers use when choosing settlement habitat. Initial trials were 
conducted without manipulation of sensory cues (Figure 4.3a). To manipulate chemical 
cues, a clear plastic cylinder (PETG, Visipak USA) was placed over each habitat choice in 
the arena, sealed with plastic film and secured approximately 5 cm into the sand to 
eliminate chemical cues carried by water flow emanating from sponges (Figure 4.3b). 
During a preliminary trial, dye was released within the cylinder to verify that chemical cues 
could not escape the cylinder. To manipulate visual cues, a mesh cylinder was placed over 
each habitat choice in the arena (Figure 4.3c). A dye test was conducted to verify that water 
potentially carrying chemical cues could escape through the mesh. Settler habitat 
preferences were evaluated using a chi-square goodness of fit test (P = 0.05). 
Five preference experiments, each comparing two habitat types, were conducted to 
explain the observed distribution of E. lori settlers on sponge habitat. Preference 
experiments included comparisons of yellow sponges vs. grey PVC pipes (Experiment 1), 
yellow sponges vs. brown sponges (Experiment 2), large (> 35 cm) vs small (10 cm) yellow 
sponges (Experiment 3), multi-tube vs. single-tube yellow sponges (Experiment 4), and E. 
lori resident-occupied vs. unoccupied yellow sponges (Experiment 5). Experiments were 
conducted under different sensory cue conditions for each arena in which settlers displayed 
a significant habitat preference (no manipulation, manipulation of chemical cues, 
manipulation of visual cues; Figure 2a-c). The yellow sponge vs. grey PVC pipe 
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combination (Experiment 1) was used to demonstrate that E. lori could choose between 
habitat types. Each pair of habitats, except large vs small yellow sponge, were size-matched 
by tube length to control for the effect of sponge size on preference behavior. In multi-tube 
vs. single-tube preference tests (Experiment 4), two single-tube sponges of similar tube 
length (~35 cm) were placed side-by-side to create repeatable multi-tube sponges, thereby 
controlling for tube size variation that occurs naturally among multi-tube sponges. Finally, 
to allow time for resident E. lori to establish themselves and generate chemical cues, 
residents collected from yellow sponges were relocated to single tube sponges in the arena 
2 hrs before the start of resident-occupied vs. unoccupied preference tests (Experiment 5). 
4.3.7   iv.) Evaluating the effects of prior habitat experience   
Due to constraints imposed by the study system, settlers used in the experimental 
components of this study were not naïve with respect to habitat. They were collected on 
yellow sponges (A. fistularis), where they most commonly occur. Therefore, the preceding 
experiments cannot discriminate between a preference for a particular habitat type and a 
habitat with which the fish has had prior experience. To specifically address this issue, a) 
we tested the habitat preferences of E. lori settlers collected from brown sponges and b) 
conducted an observational study to determine the distribution of new settlers arriving from 
the water column (<10 mm SL with minimal pigmentation; Table 4.1, Figure 4.2a). 
To test the hypothesis that settlers prefer habitat on which they have had prior 
experience, settlers collected from brown sponges were provided a choice between yellow 
vs. brown sponges in the arena, as described in section iii) the experimental test of habitat  
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Figure 4.3: Diagram of the in situ arena configured for testing E. lori preferences for 
sponge vs. PVC pipe habitat, under three sensory conditions: a) no cues manipulated, b) 
chemical cues manipulated — optically clear plastic covers sealed to eliminate water flow, 
c) visual cues manipulated — optically opaque mesh covers transparent to water flow 
(diagram is not drawn to scale). 
 
preferences above. To observe the distribution of new settlers arriving from the water 
column, the 120 tagged sponges were cleared of settlers and then surveyed for new settlers 
every 24 – 48 hrs throughout two lunar cycles (28 May – 25 July 2015). We constructed a 
generalized linear mixed-effects model (GLMM; distribution = binomial; link = logit) 
using the ‘lme4’ package in R (Bates et al. 2015) to evaluate how habitat and social 
variables influence the distribution of new settlers on sponge habitat. The arrival of 
multiple new settlers on an individual sponge was rare. Therefore, we investigated the 
relationship between the presence or absence of an E. lori settler (0 or 1, respectively) and 
all habitat and social variables. Sponge ID was included as a random effect to control for 
repeated observations of the same 120 tagged sponges. 
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4.3.7   Model selection 
We constructed statistical models to determine the effects of habitat and social variables 
on the distribution, and persistence of E. lori settlers using a forward stepwise approach in 
an information theoretic framework. In this framework, a model with an additional variable 
was retained if the corrected Akaike information criteria (AICc) score was lower than other 
candidate models by ≥ 2 ∆AICc units. When multiple candidate models were within 2 
∆AICc either i) the most parsimonious model was selected, or ii) in the case that candidate 
models contained the same number of variables, the model with the lowest AICc score was 
chosen. Candidate models within 2 ∆AICc were compared to the reduced model from the 
previous step using a likelihood-ratio test. If the reduced model and candidate models were 
not significantly different, then the reduced model was selected as the best-fit model based 
on parsimony. 
4.4   Results 
4.4.1   i.) Observational survey of natural settler distribution 
Logistic regression analyses revealed that sponge species and maximum tube length 
predicted the presence or absence of settlers on sponge habitat. In the best fit model, the 
probability of a settler occurring on a sponge increases with sponge size (Table 4.2; Figure 
4) and is higher on yellow than on brown sponges (Table 4.2; Figure 4.4). The results of 
this analysis indicate that E. lori settlers are more likely to be found on large yellow 
sponges rather than on smaller yellow sponges or brown sponges.  
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Table 4.2: Summary of the best-fit logistic regression model evaluating the association 
between multiple habitat and social variables and the presence of E. lori settlers on sponge 
habitat. 
Predictor Estimate (OR) S.E. z - value p - value 
(Intercept) -3.39 (0.03) 0.711 -4.766 <0.001 *** 
Maximum Tube Length (cm) 0.04 (1.04) 0.016 2.665 0.008 ** 
Sponge Species (A.f.) 1.05 (2.88) 0.485 2.177 0.029 * 
Sponge species (A.f) indicates that yellow A. fistularis sponges are compared to the reference group brown 
A. conifera sponges;  (OR), odds ratios. * P < 0.05, ** P < 0.001, ***P < 0.001. 
 
 
 
 
Figure 4.4: Probability of settler occurrence on a sponge as a function of maximum tube 
length and sponge species. Lines represent the relationship between the probability of 
settler occurrence and the independent variables estimated from the parameters of the 
logistic model (dashed, yellow A. fistularis sponges; solid, brown A. conifera sponges). 
Shaded regions represent the 95% confidence intervals.  
  78
4.4.2   ii.) Experimental test of settler persistence 
Of 240 settlers that were seeded onto sponges, 44 persisted throughout the entire two-week 
experimental period. A mixed-effects Cox proportional hazards regression analysis showed 
that multiple factors predict settler persistence on sponge habitat. The model including 
sponge species, maximum tube length, resident density, and the starting size of the seeded 
settlers was the best predictor of settler persistence on sponge habitat (χ52 = 65.45, P < 
0.001). The hazard of disappearance was lower on yellow than on brown sponges and 
decreased with increasing sponge size (Table 3; Figure 4.5). In contrast, the hazard of 
disappearance increased with increasing resident density and was higher for larger 
(presumably older) settlers (Table 4.3). Thus, settlers persist longer on large yellow 
sponges than they do on small yellow sponges or on brown sponges. Further, settlers persist 
longer on sponges with low densities of residents than they do on sponges with high 
densities of residents. 
 
Table 4.3: Summary of the best-fit inverse Gaussian shared frailty model (i.e., mixed-
effects Cox-proportional hazards regression) evaluating the association between multiple 
habitat and social variables and E. lori settler persistence on sponge habitat.  
Predictor Estimate (exp.) S.E. χ2 d.f. p - value 
Sponge Species (A.f.) -0.815 (0.44) 0.185 38.624 1 <0.001 *** 
Maximum Tube Length (cm) -0.030 (0.97) 0.007 9.303 1 0.002 ** 
Resident Density 0.809 (2.25) 0.193 14.080 1 <0.001 *** 
Settler Size (mm) 0.125 (1.13) 0.049 6.299 1 0.012 * 
Sponge species (A.f.) indicates that yellow A. fistularis sponges are compared to the reference group brown 
A. conifera sponges; (exp.), exponentiated coefficient, * P < 0.05, ** P < 0.001, ***P < 0.001. 
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Figure 4.5: Kaplan-Meier survival curves for the proportion of settlers remaining on a 
yellow or brown sponge as a function of time, stratified by sponge size / species and 
controlling for resident density and the size of settlers. Lines (Kaplan-Meier survival 
curves) represent the relationship between proportion of settlers remaining and the 
independent variables included in the model (dashed, yellow A. fistularis; solid, brown A. 
conifera; see Table 3). 
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4.4.3   iii.) Experimental tests of habitat preference 
4.4.3.1   Yellow sponges vs. PVC pipe 
Settlers displayed a preference for yellow sponges over grey PVC pipe habitat when 
sensory cues were unmanipulated (χ2 = 19, df = 1, P < 0.001, n = 19) and when chemical 
cues were manipulated using clear plastic covers (χ2 = 13, df = 1, P < 0.001, n = 13), but 
not when visual cues were manipulated using opaque mesh covers (χ2 = 0.53, df = 1, P = 
0.47, n = 17). 
4.4.3.2   Yellow sponges vs. brown sponges 
We then tested the hypothesis that settlers collected from yellow sponges (A. fistularis) 
prefer yellow sponges over brown sponges (A. conifera). Settlers preferred yellow over 
brown sponges when sensory cues were unmanipulated (χ2 = 13.33, df = 1, P < 0.001, n = 
30; Figure 4.6) and when chemical cues were manipulated using clear plastic covers (χ2 = 
4.5, df = 1, P = 0.034, n = 32; Figure 4.6), but not when visual cues were manipulated using 
opaque mesh covers (χ2 = 0.2, df = 1, P = 0.65, n = 20; Figure 4.6).  
4.4.3.3   Large vs. small yellow sponges 
We tested the hypothesis that settlers would prefer large (>35 cm tube length) over small 
(10 cm tube length) yellow sponges. Settlers displayed a preference for large over small 
yellow sponges when sensory cues were unmanipulated (χ2= 16.2, df= 1, P < 0.001, n= 20; 
Figure 4.7) and when chemical cues were manipulated using clear plastic covers (χ2= 16.2, 
df= 1, P < 0.001, n= 20; Figure 4.7), but not when visual cues were manipulated using 
opaque mesh covers (χ2 = 1.64, df = 1, P = 0.20, n =22; Figure 4.7).   
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Figure 4.6: Proportion of E. lori settlers collected from yellow tube sponges that chose 
yellow A. fistularis vs. brown A. conifera tube sponges during trials with no cues 
manipulated, chemical cues manipulated, or visual cue manipulated. Significant habitat 
preferences indicated by * (Chi-square test; p < 0.05).  
 
 
Figure 4.7: The proportion of settlers collected from yellow tube sponges that chose 
large vs. small yellow Aplysina fistularis sponges during trials with no cues manipulated, 
chemical cues manipulated, or visual cues manipulated. Significant habitat preferences 
indicated by * (Chi-square test; p < 0.05).  
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4.4.3.4   Multi vs. single-tube yellow sponges 
We tested the hypothesis that settlers would prefer multi-tube over single-tube yellow 
sponges in each sensory cue treatment. Settlers displayed no preference for multi vs. single-
tube sponges when sensory cues were unmanipulated (χ2 = 0.53, df = 1, P = 0.53, n = 23). 
Thus, we did not conduct additional experiments manipulating chemical or visual sensory 
cue. 
4.4.3.5   Resident-occupied vs. unoccupied yellow sponges 
Finally, we tested the hypothesis that settlers would prefer yellow sponges already 
occupied by E. lori residents over unoccupied sponges. Settlers had no preference for 
resident-occupied vs. unoccupied yellow sponges when cues were not manipulated (χ2 = 0, 
df = 1, P = 1, n = 16). Thus, we did not conduct additional experiments manipulating 
chemical or visual sensory cues.  
4.4.4   iv.) Evaluating the effects of prior habitat experience 
Despite having been collected from brown sponges, settlers preferred yellow over brown 
sponges in the arena (χ2 =18.24, df = 1, P < 0.0001, n = 29; Figure 4.8a). Considering the 
distribution of new settlers arriving to sponges, maximum tube length, sponge species, and 
sponge depth predicted the presence or absence of a new settler (n=142 new settlers). In 
the best fit model, the probability of a new settler occurring on a sponge increases with 
increasing sponge size (Table 4.4; Figure 4.8b), is higher on yellow than on brown sponges 
(Table 4; Figure 4.8b), and increases with the depth at which a sponge was located (Table 
4.4).   
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Figure 4.8: Evaluating the effects of prior habitat experience on preferences behaviors of 
E. lori settlers. a) Proportion of E. lori settlers collected from brown tube sponges that 
chose yellow A. fistularis vs. brown A. conifera sponges during arena trials with no cues 
manipulated. Significant habitat preferences indicated by * (Chi-square test; p < 0.05). b) 
Probability of settlement to a sponge as a function of maximum tube length and sponge 
species, with sponge depth held at its species mean. Lines represent the relationship 
between the probability of settlement to a sponge and the independent variables estimated 
from the parameters of the logistic model (dashed, yellow A. fistularis; solid, brown A. 
conifera); Shaded regions represent the 95% confidence intervals. 
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Table 4.4: Summary of the best-fit mixed-effects logistic regression model evaluating the 
association between multiple habitat and social variables and the arrival of E. lori settlers 
on sponge habitat.  
Predictor Estimate (OR) S.E. z - value p - value 
(Intercept) -14.119 (0) 1.386 -10.188 <0.001 *** 
Maximum Tube Length (cm) 0.045 (1.05) 0.007 6.102 <0.001 *** 
Sponge Species (A.f.) 1.723 (5.60) 0.307 5.608 <0.001 *** 
Depth 0.477 (1.61) 0.084 5.706 <0.001 *** 
Sponge species (A.f.), indicates that yellow A. fistularis sponges are compared to the reference group brown 
A. conifera sponges; (OR), odds ratio; * P < 0.05, ** P < 0.001, ***P < 0.001. 
 
4.5   Discussion 
In organisms with dispersive larvae, patterns of distribution across settlement habitat may 
be established by a combination of larval supply, pre-settlement preference behaviors, and 
post-settlement mortality (Jones 1997; Booth & Wellington 1998; Shima 2001; Srinivasan 
2003). Here we demonstrate that the distribution, persistence, and preferences of 
Elacatinus lori settlers are primarily influenced by characteristics of their settlement 
habitat: settlers occur more often on (Table 4.2; Figure 4.4), persist longer on (Table 4.3; 
Figure 4.5) and prefer, large yellow sponges (Table 4.4; Figures 4.6 – 4.8) rather than small 
yellow sponges or brown sponges. Taken together, these results suggest that variation in 
post-settlement persistence selects for habitat preferences that ultimately determine the 
distribution of E. lori settlers on the reef. 
4.5.1   Distribution of Elacatinus lori 
Species-specific microhabitat associations are relatively common in reef fishes (Elliott & 
Mariscal 2001; Bonin 2011), especially in members of the family Gobiidae (Munday, Jones 
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& Caley 1997; Wilson & Osenberg 2002). Characteristics of microhabitats such as their 
location, size, and structure are often linked with their quality as settlement habitat 
(Shulman 1985; Connell & Jones 1991; Jones 1997; Holbrook et al. 2000; Munday 2001; 
Wilson & Osenberg 2002). Here, we found that the occurrence of E. lori settlers is 
predicted by: i) the sponge species and ii) maximum sponge tube length (Table 4.2; Figure 
4.4). Further, the prevalence of E. lori on large yellow sponges suggests that habitat quality 
varies by sponge species and sponge size.  
These results confirm and extend the conclusions of previous surveys conducted 
within the South Water Caye Marine Reserve (Carrie Bow Cay, D’Aloia, Majoris & Buston 
2011; Curlew Cay, Majoris J.E., unpublished data). Although these surveys were 
completed in different locations and years, the factors that predict the distribution of settlers 
were consistent. The agreement between these surveys suggests that the distribution of E. 
lori were both spatially and temporally stable over this time frame. The occurrence of stable 
distributions in other reef fishes have been attributed to consistency in larval supply, 
predation intensity, and/or habitat availability and quality (Levin 1993, 1994; Jones 1997; 
Holbrook et al. 2000; Wilson & Osenberg 2002; Munday 2002). In E. lori, the spatially 
and temporally stable distribution of settlers suggests that the factors regulating their 
distribution are also spatially and temporally stable. 
4.5.2   Variation in settler persistence 
Determining the evolutionary consequences associated with alternate settlement habitats is 
necessary to understand the processes that establish population level patterns of distribution 
and abundance (Connell & Jones 1991; Wellington 1992; Booth & Wellington 1998; 
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Munday 2001; Srinivasan 2003; Safran et al. 2007). For the sponge-dwelling goby, E. lori, 
the persistence of settlers was related to characteristics of the sponge habitat on which they 
were seeded (Table 4.3; Figure 4.5). Similar observations have been made in coral-
dwelling gobies, where individuals benefit from increased growth and survival when 
associating with their preferred species of coral, and at a finer scale, from corals with 
smaller inter-branch spacing (Munday 2000, 2001). In the current study, settler persistence 
varied with sponge species and size suggesting that there is predictable variation in settler 
survival among sponge habitats. 
We also found that increasing resident density had a negative effect on settler 
persistence (Table 4.3). In other reef fishes, antagonistic interactions with residents often 
result in a higher risk of mortality for settlers (Holbrook & Schmitt 2002; Almany 2003; 
Buston 2003b; a; Ben-Tzvi et al. 2009). In the clown anemonefish Amphiprion percula, 
residents evict (Buston 2003a) and may cannibalize (Elliott et al. 1995) incoming settlers 
when anemone saturation is high. Similarly, E. lori residents evict settlers from occupied 
sponge tubes and, on occasion, have been observed cannibalizing settlers (Majoris, pers. 
obs.). As sponge tubes become saturated with residents, the frequency of these antagonistic 
interactions between residents and settlers is expected to increase. Eviction by residents 
forces settlers to the outer sponge wall where the risk of predation is likely higher than 
within the sponge tube (Majoris, pers. obs.). Given the observed variation in settler 
persistence among different sponge habitats, there should be strong selection for habitat 
preferences at settlement in this system. 
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4.5.3   Habitat preferences 
Behavioral preferences for specific settlement habitats are common in reef fishes (Öhman 
et al. 1998; Forrester et al. 2008; Igulu et al. 2011). However, studies demonstrating the 
ability of settlers to differentiate between host microhabitats at the level of species and 
morphology are relatively rare (but see: Elliott et al. 1995; Elliott & Mariscal 2001; Dixson 
et al. 2011). In this study, settlers were expected to prefer habitat characteristics or social 
cues that are positively correlated with post-settlement survival. We found that E. lori 
settlers persisted longer on and also preferred large yellow sponges over small yellow 
sponges or brown sponges (Figures 4.6 – 4.7). These results suggest that E. lori settlers can 
differentiate both the species and size of sponge habitat, leading to their increased 
occurrence on large A. fistularis. 
E. lori settlers prefer habitat cues that are indicative of their potential post-
settlement persistence, but do not discriminate between social cues from residents that 
could provide a further indication of post-settlement persistence (Table 4.3). There are 
several potential explanations for this mismatch: i) settlers may lack cues indicating the 
density of residents at settlement – residents are, after all, hidden within sponge tubes, ii) 
day-to-day movement of residents between sponges could weaken selection for avoidance 
behaviors, and iii) the benefits of settling on large A. fistularis may outweigh the costs of 
settling on occupied sponges. Our results suggest E. lori use habitat characteristics, rather 
than social cues, to choose habitat at settlement. 
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4.5.4   The role of sensory cues in habitat preference 
Though reef fishes may use visual, chemical, and/or auditory cues at settlement, this study 
showed that E. lori settlers rely on visual cues when selecting sponge habitat over small 
spatial scales (Figure 4.6 – 4.7). This was an unexpected result, as sponges are known to 
emit a range of chemicals that were expected to provide settlers with cues for habitat 
selection (Pawlik 2011), and previous research has demonstrated the importance of 
chemosensory cues during habitat selection by other reef fish species (Sweatman 1988; 
Atema et al. 2002; Arvedlund & Takemura 2006; Gerlach et al. 2007; Dixson et al. 2008). 
However, other species have also been found to use visual cues, rather than chemical cues, 
for habitat recognition (Igulu et al. 2011; Lecchini et al. 2014). For instance, in a study of 
the role of multiple sensory modalities during habitat selection in 18 reef fish species, seven 
species could use either visual or chemical cues to move toward settlement habitat, while 
two species relied solely on visual cues (Lecchini et al. 2005a). The large size and bright 
coloration of sponges such as A. fistularis make them conspicuous on the reef. These 
characteristics may allow settling E. lori to quickly locate sponge habitat using visual cues.  
4.5.5   Effects of prior habitat experience 
A limitation of the first part of this study was the inability to collect naïve larvae for use in 
habitat preference experiments, or to collect sufficient quantities of settlers from brown 
sponges to implement a fully cross factored experimental design. Given this limitation, all 
settlers were collected from and had prior experience on yellow sponges. Sale (1971) found 
that, when given a choice between two coral species as settlement habitat, recently-settled 
Dascyllus aruanus preferred the species of coral from which they were collected. In 
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contrast, Danilowicz (1996) demonstrated that both naïve Dascyllus albisella settlers and 
wild-caught settlers collected from several species of coral preferred a single coral species. 
Given the mixed results reported for other species, it was necessary to consider the potential 
influence of prior experience on the results of this study.  
To address this issue, we tested the habitat preferences of settlers collected from 
brown tube sponges and observed the distribution of new settlers arriving on both yellow 
and brown sponge habitat. We found that settlers collected from brown sponges preferred 
yellow sponges over the habitat on which they had prior experience (Figure 4.8a), 
indicating that prior experience did not influence their preference behaviors. We also found 
that new E. lori settlers, observed within 24 – 48 hrs of settlement, were more likely to 
occur on large, yellow sponges over small yellow sponges or brown sponges (Table 4.4; 
Figure 4.8b). Since settler persistence was similar on yellow and brown sponges within the 
first 24 – 48 hrs (Figure 4.5), these results suggest that E. lori larvae chose large yellow 
sponges at settlement resulting in the observed distribution of new settlers on sponge 
habitat. Settlers (8 – 18 mm SL) also prefer (Figures 4.6 – 4.7) and ultimately persist longer 
on (Table 4.4; Figure 4.5) large yellow sponges under experimental conditions, suggesting 
that these preference behaviors will ultimately maximize settler persistence. These results 
support the hypothesis that E. lori have evolved behavioral preferences for sponge habitats 
that will maximize their post-settlement persistence, and that decisions at settlement shape 
the population level pattern of settler distribution on coral reefs.  
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4.5.5   Evolution of habitat preferences 
In light of these results, it is interesting to consider under what conditions habitat 
preferences evolve. For preference behaviors to evolve, i) sensory capabilities and habitat 
cues must allow individuals to reliably discriminate among habitat types, ii) the habitat 
cues must be strongly correlated with post-settlement survival, and finally, iii) individuals 
must be able to sample and choose freely among habitat types (Fretwell & Lucas 1969). In 
E. lori, settling larvae choose characteristics of the sponge habitat that are strongly 
associated with their post-settlement persistence. Under these conditions, natural selection 
has likely favored the evolution of habitat preferences at settlement. However, there are 
many species in which variation in survival across settlement habitats is not associated with 
pre-settlement preference behaviors (Amphiprion percula: Buston 2003a, b; Stegastes 
leucostictus: Almany 2003). In these species, the presence of reliable sensory cues for 
discriminating between habitat types and assumption of free choice between settlement 
habitats may be violated (Levin et al. 2000). Therefore, individuals would benefit from 
settling on the first habitat that they encounter rather than continuing to search for an 
optimal habitat (Buston 2004; Stamps, Krishnan & Reid 2005). 
4.5.6   Conclusion 
Habitat preferences and post-settlement processes are often invoked to explain the 
distribution and abundance of reef fishes. Here we demonstrate that settling E. lori select 
sponge habitat using characteristics that are associated with their potential for post-
settlement persistence, and that decisions at settlement shape the population level pattern 
of settler distribution on coral reefs. This study highlights the interaction between pre- and 
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post-settlement processes in establishing the distribution and abundance of marine 
organisms.  
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CHAPTER 5 
Conclusion and Future Research Directions 
5.1   Contributions of this Dissertation 
This dissertation is the first study to evaluate the ontogeny of larval behavior in a reef fish 
species for which the pattern of dispersal has been described. After developing a protocol 
for rearing Elacatinus lori and E. colini to settlement (Chapter 2), I used lab-reared larvae 
to provide a detailed description of the early life history for both species. This rearing 
protocol, in combination with the published dispersal pattern (D’Aloia et al. 2015), 
establish E. lori as a model for investigating the influence of larval behavior on patterns of 
dispersal. Using laboratory based flume experiments (Chapter 3), I demonstrated that the 
swimming abilities of Amphiprion percula, E. lori, and E. colini larvae improve throughout 
the larval period, but vary dramatically among species. Remarkably, the best performing 
A. percula larva swam continuously for 10.5 days with the potential to cover 64.1 km, 
while the best performing E. lori swam for only 4.6 hours with the potential to cover 0.3 
km. I then compared the critical swimming speeds of late-stage A. percula and E. lori larvae 
and published data for a third species Plectropomus leopardus (Fisher et al. 2005) with 
their published patterns of larval dispersal (D’Aloia et al. 2015, Williamson et al. 2016, 
Thorrold et al. 2017). I found that, despite large differences in swimming abilities, the 
modal dispersal distance was consistent (0 – 1 km) across species. This result challenges 
the current paradigm that larvae require strong swimming abilities to offset advection by 
currents while developing in the pelagic environment. Instead, I found that a 10 cm s-1 
  93
increase in critical swimming speed is associated with an order of magnitude increase in 
the median and maximum dispersal distance. Given this relationship, I proposed the 
hypothesis that swimming abilities play an important role in determining the extent of long 
distance dispersal, and used the relationship to predict the median and maximum dispersal 
distances for 27 reef fish families. After completing observational surveys and 
experimental manipulations along an underwater sponge transect (Chapter 4), I determined 
the relative influence of pre-settlement habitat preference behaviors and post-settlement 
survival on the distribution of E. lori settlers on sponge habitat. I found that E. lori prefer 
the sponge habitats that are strongly associated with their expected post-settlement 
persistence, and that these individual preference behaviors shape the population level 
pattern of settler distribution on coral reefs. Finally, using a habitat preference arena, I 
demonstrated that settlers use visual, but not olfactory cues, to select their preferred sponge 
habitat. Independently, these chapters provide novel contributions to the fields of 
aquaculture, animal behavior and marine ecology. Taken together, this dissertation 
demonstrates the importance of larval and settler behaviors in determining the dispersal 
patterns and distribution of fishes on coral reefs. 
5.2   Ongoing Research and Future Directions 
Here, I provide a summary of ongoing research and explore future directions for continuing 
this work. First, I summarize the results of a manuscript that is in preparation, but not 
included in my dissertation, that explores the behavioral regulation of hatching time in E. 
colini. Second, I discuss preliminary results emerging from a collaborative investigation of 
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the ontogeny of orientation behavior in E. lori larvae. Finally, I explore future directions 
for broadening our understanding of the influence of larval behavior on patterns of 
dispersal. 
5.2.1   Hatching plasticity in E. colini 
In many taxa, embryos adjust the timing of hatching in response to intrinsic and extrinsic 
environmental cues. In reef fishes, changes in the timing of hatching could influence the 
developmental state of larvae as they enter the pelagic environment, and ultimately the 
onset of swimming and orientation behaviors. Therefore, this manuscript investigates the 
effect of parental and mechanical cues on the timing of hatching and hatchling morphology 
in E. colini. To accomplish this goal, I established a breeding population of E. colini in the 
lab, and observe the timing of embryo hatching under parental and artificial incubation 
conditions. Artificially incubated clutches were divided into two treatments: i) 
mechanically stimulated clutches that were shaken every 8 hrs to determine the earliest 
onset of hatching competence, and ii) non-stimulated clutches that were allowed to hatch 
undisturbed.  
When incubated with parents, male E. colini were found to regulate hatching by 
actively removing embryos with their mouth and spitting the hatched larvae into the water 
column. Mechanically induced clutches hatched approximately 20% earlier (134 hours-
post-fertilization, HPF), had a smaller propulsive area, and larger yolk sac area than 
parentally hatched clutches (169 HPF). Intriguingly, non-stimulated clutches also hatched 
early (154 HPF), indicating that parentally regulated clutches develop longer before 
hatching when provided with care. These results suggest that E. colini embryos are capable 
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of hatching early in response to environmental cues, and provide the first evidence of 
paternally regulated hatching in a coral reef fish. 
5.2.2   Ontogeny of in situ orientation behavior 
This dissertation establishes a foundation for further investigation of the influence of in 
situ orientation behavior on patterns of dispersal in reef fishes. Little is known about the 
ontogeny of orientation behavior in fish larvae. From an evolutionary perspective, the 
ability to orient at an early age is expected to enhance the probability of survival to 
settlement and be favored by selection (Staaterman et al. 2012). From an ecological 
perspective, early orientation could retain larvae closer to their natal origin, which would 
help to explain the discrepancies between observed and predicted patterns of dispersal 
(D’Aloia et al. 2015). A deeper understanding of larval orientation behavior in its own 
right, and its effects on population connectivity, requires measuring orientation behavior 
throughout development. 
Therefore, in this study I tested the hypotheses that H1) individual larvae will orient 
non-randomly beginning early in development, H2) the proportion of individuals orienting 
will increase with age and H3) the precision of orientation behavior will increase with age. 
Preliminary analysis of data collected during field experiments in 2016, indicate that 
individual larvae orient directionally at all ages. However, the proportion of directional 
larvae did not increase with age; but instead, was consistently high across all ages. Finally, 
the precision of orientation did not improve with age. These preliminary results contradict 
the assumption that, as larval sensory systems develop, a greater proportion of individuals 
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will be capable of orienting, and the precision of their orientation will improve. Further 
data collection and careful analyses will be necessary to solidify these conclusions. 
5.2.3   The goal of larval orientation behavior 
Once we understand when during ontogeny larvae begin to orient, we must then ask the 
question: what are larvae orienting toward? Sensory cues may contain specific habitat 
information that can allow larvae to detect and orient toward their preferred reef over scales 
of 10’s of meters to 10’s of kilometers (Kingsford et al. 2002, Mann et al. 2007). 
Observations of self-recruitment, behavioral preference, and orientation abilities have lead 
some researchers to suggest that larvae might be orienting toward their natal reef (Jones et 
al. 2005, Gerlach et al. 2007, Paris et al. 2013). By swimming toward their natal reef, larvae 
may maximize their potential for locating suitable breeding habitat (i.e., their parents’ 
breeding habitat) thereby potentially enhancing their fitness (Safran et al. 2007; Staaterman 
et al. 2012). Further, by swimming toward their natal reef, larvae may minimize their 
displacement, which would reconcile the difference between predictions of biophysical 
models and empirical observations of dispersal.  
To determine the goal of orientation behavior in E. lori, I will test the following 
alternative hypotheses: H0) larvae will orient randomly at the population level, H1) larvae 
will orient toward their natal reef, H2) larvae will orient toward the nearest reef, H3) larvae 
will orient toward a constant bearing, and finally, H4) larvae will employ a conditional 
strategy, i.e., the optimal orientation may vary by age (Figure 5.1). Preliminary analysis of 
field data collected in 2016 indicates that, though larvae orient directionally at the 
individual level, there is no evidence of orientation at the population level. Additional data 
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collection and analysis are necessary to confirm these preliminary results. However, this 
first pass suggests that other behavioral strategies, such as ontogenetic vertical migration, 
will also need to be considered to help close the gap between predicted and observed 
patterns of dispersal in E. lori. 
 
 
 
Figure 5.1: Experimental design to test alternative hypotheses for the goal of larval 
orientation behavior. Locations 1 and 2 are required to discriminate between H1 and H2, 
locations 1, 2, and 3 are required for discrimination between H2 and H3. H4 provides an 
example of an age-dependent conditional strategy with larvae orienting offshore early in 
development, and to the nearest reef late in development. 
 
5.2.4   Behavioral parameterization of biophysical models 
The next step in this research is to parameterize biophysical models using the observed 
swimming and orientation behaviors of larvae. This dissertation was motivated by the 
identification of a gap between observations of dispersal measured using direct genetic 
techniques, and predictions of dispersal generated by biophysical models. Current 
biophysical models incorporate general assumptions about the swimming ability, 
orientation behavior, vertical distribution, and pelagic duration of simulated larvae. 
Following the completion of this dissertation and the ongoing research described above, 
we will have made direct empirical observations of the swimming and orientation 
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behaviors of larval E. lori from hatching through settlement. I predict that parameterizing 
biophysical models with observed behaviors will help bridge the gap between observed 
and predicted patterns of dispersal. 
5.2.5   Behavior in the larvae of other reef fishes 
Aquaculture provides a unique opportunity to investigate the ontogeny of behavior in the 
larvae of coral reef fishes. However, the process to develop and optimize rearing protocols 
for new species is time intensive. Over the past 10 years, the culture of coral reef fishes for 
distribution in the aquarium trade has expanded from only a few hardy species to several 
hundred species, representing more than 30 families. Collaboration between ecologists and 
the aquaculture industry would provide an opportunity to harness existing protocols and 
facilities to rapidly expand our understanding of the development of larval behavior. The 
aquaculture industry also provides an opportunity to scale up from smaller reef fishes to 
larger pelagic species, such as snapper and grouper, which are important components of 
marine commercial fisheries.  
5.3   Individual Level Behaviors in the Light of Population Level Patterns 
From this and other research, it is clear that reef fish larvae possess behavioral abilities that 
could allow them to influence their dispersal. However, without understanding the 
ecological context in which these individual behaviors operate, it is unclear how they 
influence patterns of dispersal and population connectivity. In this dissertation, I 
demonstrate that new insights can be gained by investigating the ontogeny of larval 
behavior in species for which the pattern of dispersal has been empirically described, 
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providing an ecological context in which to consider the influence of larval behaviors. The 
genetics techniques used to describe patterns of dispersal are time intensive, costly and 
require destructive tissue sampling. Therefore, moving forward, studies should target 
species for which the pattern of dispersal and ontogeny of larval behavior can be described 
in unison. To test the hypothesized relationship between larval swimming abilities and the 
extent of long distance dispersal, the ontogeny of larval behavior and patterns of dispersal 
will need to be described for multiple species from the same location. Based on the 
available data, I predict that species with stronger swimming abilities will disperse over 
longer median and maximum distances than those with weaker swimming abilities. 
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APPENDIX A 
Supplement for Chapter 2 
Table A.1: Conditions under which pairs of Elacatinus have been reported to bred in captivity 
Species Diet Tank 
volume 
(L) 
Temperature 
(C) 
 
Salinity 
(ppt) 
pH Ammonia 
(mg L-1) 
Nitrite 
(mg L-1) 
Nitrate 
(mg L-1) 
Photoperiod 
(Light:Dark) 
Reference 
      
Elacatinus evelynae A, Fr, FF 
 
100 20 - 25 30 8.2 < 0.03 < 0.03 - 13L:11D Colin, 1975;  
Olivotto et al., 2005 
Elacatinus figaro CF, En-
A, FF 
30 - 84 25.2 ± 1.7 34.9 ± 1.6 8.1 ± 01 0.05 ± 0.05 < 2 - 12L:12D, 
13L:11D, 
14L:10D 
Côrtes and Tsuzuki, 2012; 
da Silva-Souza et al., 2015; 
Meirelles et al., 2009; 
Shei et al., 2012, 2010 
Elacatinus genie - - 25.7 - 26.7 - - - - - - Colin, 1975 
Elacatinus horsti - - 25.6 - 29.6 - - - - - - Colin, 1975 
Elacatinus multifasciatus En-A, 
FF, Ro 
9.5 - - - - - - - Wittenrich, 2007 
Elacatinus oceanops En-A, 
Am, FF, 
Ro 
40 - 75 24 - 27 31 8 - - - 8L:16D Colin, 1975;  
Feddern, 1967;  
Moe, 1975;  
Valenti, 1972;  
Wittenrich, 2007   
Elacatinus puncticulatus En-A, 
FF, Ro 
9.5 - 19 26 ± 0.48 33 ± 0.45 7.9 ± 0.04 < 0.25 < 0.25 < 0.25 8L:16D Pedrazzani et al., 2014;  
Wittenrich et al., 2007 
Elacatinus xanthiprora - - 24.1 - 25.7 - - - - - - Colin, 1975 
           
Elacatinus lori CF, Fr, 
FF 
 
75 27 - 28 33- 35 8.0 – 8.3 < 0.25 0 0 14L:10D Majoris et al., this study 
Elacatinus colini CF, Fr, 
FF 
75 27 - 28 33 – 35 8.0 – 8.3 < 0.25 0 0 14L:10D Majoris et al., this study 
Diet: CF, Commercial diet: Fr, Frozen foods including adult brine shrimp, mysid shrimp, zooplankton; FF, Fresh foods including chopped or grated fish 
flesh, shrimp, squid, scallops; A, Artemia sp. metanauplii; Am, live amphipods; Ro; penaeid shrimp roe; En-, indicates that prey have been enriched. 
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Table A.2: Conditions under which attempts have been made to culture Elacatinus larvae in captivity. 
Species Tank 
volume 
(L) 
Temperature 
(C) 
 
Salinity 
(ppt) 
pH Ammonia 
(mg L-1) 
Nitrite 
(mg L-1) 
Nitrate 
(mg L-1) 
Photoperiod 
(Light:Dark) 
Reference 
      
Elacatinus evelynae 20 - - - - - - 24L:0D Colin, 1975;  
Olivotto et al., 2005 
Elacatinus figaro 15, 20, 25, 
40, 90 
23.3 – 28.0 24 - 37 7.8 ± 0.3 0.14 ± 0.06 - - 16L:8D, 
14L:0D 
Côrtes and Tsuzuki, 2012; 
da Silva-Souza et al., 2015; 
Meirelles et al., 2009; 
Shei et al., 2012, 2010 
Elacatinus genie 120 24 32 - - - - - Colin, 1975 
Elacatinus horsti 120 24 32 - - - - - Colin, 1975 
Elacatinus louisae 120 24 32 - - - - - Colin, 1975 
Elacatinus multifasciatus - - - - - - - - Wittenrich, 2007 
Elacatinus oceanops 284 24 32 - - - - - Colin, 1975;  
Feddern, 1967;  
Moe, 1975;  
Valenti, 1972;  
Wittenrich, 2007   
Elacatinus puncticulatus 20 26 ± 0.5 33 ± 0.45 7.9 ± 0.04 < 0.25 < 0.25 < 0.25 14L:10D Pedrazzani et al., 2014;  
Wittenrich et al., 2007 
Elacatinus xanthiprora 120 24 32 - - - - - Colin, 1975 
          
Elacatinus colini 76 27.6 – 29.2 33 - 36 8.0 – 8.3 < 0.17 0 < 0.08 14L:10D Majoris et al., this study 
Elacatinus lori 76 27.6 – 29.2 33- 36 8.0 – 8.3 < 0.17 0 < 0.08 14L:10D Majoris et al., this study 
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APPENDIX B 
Supplement for Chapter 3 
 
Figure B.1: Comparison of sustained swimming trials conducted with E. lori and E. colini 
larvae at Boston University (L) and at the International Zoological Expeditions field station 
(F) Belize. There was no difference in swimming duration among trials at the same age 
(Dunn’s Tests p > 0.05). Therefore, the data were pooled for all subsequent analyses. 
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Figure B.2: Comparison of sustained swimming trials conducted with a single (S) larva 
versus trios (T) of A. percula larvae. There was no difference in swimming duration among 
individuals that swam alone vs. in trios at the same age (Dunn’s Tests p > 0.05). Therefore, 
the data were pooled for all subsequent analyses. 
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Figure B.3: Swimming duration (hrs) in relation to relative swimming speed (experimental 
flow velocity / mean critical swimming speed) across ontogenetic ages for Amphiprion 
percula, Elacatinus lori and Elacatinus colini. Black dashed line indicates that the 
experimental flow velocity is equal to the critical swimming speed. Grey dashed line 
indicates that the experimental flow velocity is 50% of the critical swimming speed. 
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Figure B.4: Relationship between dispersal distance and early life history traits of late-
stage larvae of Elacatinus lori, Amphiprion percula, and Plectropomus leopardus. 
Regressions were calculated using the dispersal distances reported from the fitted dispersal 
kernels in D’Aloia et al. 2015, Williamson et al. 2016, and Almany et al. 2017; the mean 
critical swimming speeds and mean body sizes reported in this study and Fisher et al. 2005; 
and the mean pelagic larval durations reported in Thresher et al. 1989, D’Aloia et al. 2015, 
and Williamson et al. 2016. Solid line – regression line; Circles – E. lori; Squares – A. 
percula; Triangles – P. leopardus. 
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